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ABSTRACT
This dissertation examines how climate change affects mycorrhizal fungal
communities in boreal and arctic ecosystems. In chapter one, I revealed that increases in fire
severity and related increases in deciduous tree dominance result in greater Ascomycota
relative abundance (RA) and subsequent declines in Basidiomycota RA. In chapter two I
analyzed the effects of post-fire mycorrhizal fungal communites on host growth. There were
trends at the fungal genus level that were largely reflected at the guild level across all hosts;
however, there were some fungal genera that had the opposite effect on different host
species. In chapter three, I found host and depth specific effects of warming temperatures on
arctic fungal communities colonizing host plants. In all three chapters there was greater
resilience of mycorrhizal fungal communities colonizing hosts that are increasing in
dominance across their respective biomes, and general increases in Ascomycota RA with
climate change.
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General introduction

Boreal and arctic ecosystems account for most of the northern hemisphere
terrestrial land area and account for the largest global soil carbon stocks (Apps et al.,
1993; Bhatti, Apps, & Tarnocai, 2002). Due to arctic amplification these ecosystem
undergo accelerated climate change, that along with their carbon stocks, has potential to
affect the global climate system (Chapin et al., 2000; Stuecker et al., 2018). Warming,
fires, and shifts in vegetation have potential to shift carbon balance, which is contingent
on storage in plant biomass and low rates of decomposition (Sistla et al., 2013). Plant
production and soil organic matter decomposition in these ecosystems are limited by
nitrogen, and the majority of these plants rely on mycorrhizal fungi and their mycelial
systems for acquisition, rather than on roots themselves. These mycorrhizal systems
compete directly with and have been suggested to dampen the activity of decomposer
communities (Averill, Turner, & Finzi, 2014; Clemmensen et al., 2013; Read, Leake, &
Perez-Moreno, 2004). Read et al. 2004 summarised the importance of mycorrhizal fungi
to these ecosystems and the larger global climate in a strong statement suggesting the
future of the planet would be dependent on interaction between plants, soil organic
matter, and microbial symbionts. In addition to their roles in plant primary productivity
and suppression of decomposition rates, roots and their associated fungi can drive long-
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term carbon sequestration in boreal forests, attributed in part to mycelial production
(Clemmensen et al., 2013; Clemmensen et al., 2014). However, these fungal communities
are also vulnerable to both direct and indirect impacts of climate change (Geml et al.,
2015; Miyamoto, Terashima, & Nara, 2018).

Fire is the dominant form of disturbance in the boreal forests of Interior Alaska,
and an increasingly warmer and drier climate has already resulted in increased fire
severity, extent, and duration in the region, which is tightly linked to shifts in forest tree
composition (Chapin et al., 2008; Hollingsworth, Johnstone, Bernhardt, & Chapin, 2013;
Johnstone, Hollingsworth, Chapin, & Mack, 2010). Fire directly impacts mycorrhizal
fungi through heat induced mortality, and it also alters soil physical and chemical
properties, and in the case of severe fires, removes their hosts or shifts successional
trajectories from historical norms (Johnstone et al., 2010; Neary, Klopatek, DeBano, &
Folliott, 1999; Taudière, Richard, & Carcaillet, 2017). The arctic is also experiencing
rapid warming, associated with incresases in ectomycorrhizal shrub biomass and cover
with mirrored increases in fungal biomass, as well as increased permafrost thaw across
the entire biome (Clemmensen & Michelsen, 2006; Elmendorf et al., 2012; Fujimura,
Egger, & Henry, 2008). Environmental change and shifts in host dominance in both
biomes are likely to impact the structure of mycorrhizal fungal communities which could

3
in-turn influence ecosystem response. The overarching goal of this dissertation is to
improve our understanding of how mycorrhizal communities respond to environmental
change and host shifts and their reciprocal influence on hosts.

Historical context and environmental change in the boreal forests of Interior Alaska

The boreal and arctic ecosystems in Alaska are part of the Beringian region which
remained largely unglaciated during the Quaternary period, and much of the present
vegetation has been in the region for several millennia (Edwards, Brubaker, Lozhkin, &
Anderson, 2005; Lloyd et al., 2006). Although black spruce has likely occupied Interior
Alaska for longer, it has been the dominant tree for the past 6,000-10,00 years. Its
expansion has been associated with elevated moisture in the region and has been tied to
increases in fire frequency (Lloyd et al., 2006). Historically black spruce has self-replaced
following fire, but increases in fire severity have been strongly tied to shifts towards
deciduous dominance by aspen or birch (Mann, Rupp, Olson, & Duffy, 2012). These
shifts have been attributed to the increased consumption of organic material, as black
spruce seeds are larger and thus store more energy than those of their deciduous
counterparts, and can thereby outcompete deciduous species when there is large organic
matter content (Hollingsworth et al., 2013; Johnstone & Chapin, 2006). Conversely,
exposed mineral soil following high severity fires favors faster growing species like birch
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and aspen, allowing them to dominate in this context. In addition to shifts towards
deciduous dominance after high severity fires, lodgepole pine is slowly migrating towards
the region from its current native range edge in Yukon, Canada (Johnstone & Chapin,
2003). It is also widely planted throughout Interior Alaska in experimental timber
plantations (Alden, 1988, 2006). Lodgepole readily outcompetes and maintains
dominance over black spruce along the range edge following fire and is not limited by the
current climate where planted in Interior Alaska, suggesting it could spread from
plantations within the region should they burn.

Shifts toward deciduous dominance or spread of lodgepole pine have major
implications for ecosystem function and its role in the global climate system. In addition
to contributing to black spruce persistence, deep organic matter in black spruce forests
also serves as insulation for permafrost. Neither deciduous nor lodgepole stands
accumulate such large quantities of organic matter, suggesting declines in black spruce
cover could increase the rate of permafrost thaw and release of carbon. Furthermore, both
deciduous species and lodgepole pine have lighter colored foliage which increases albedo
of a stand (Mann et al., 2012). While it is hypothesized that increases in deciduous
vegetation should result in reduced fire activity, lodgepole pine is a fire-adapted
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serotinous species and its spread could contribute to further increases in fire frequency
and reduce return intervals (Edwards et al., 2015).

The present community of mixed dwarf shrub, graminoid, and forb tundra has
changed little in the past 10,000 years, but there was a transition to deciduous woodlands
with warm and dry climatic changes 10,000-13,000 years ago, not dissimilar to the
present shifts in vegetation with warming (Edwards et al., 2005). Experimental warming
and repeat photographic observations show increases in deciduous ectomycorrhizal
shrubs and loss or stasis of evergreen ericaceous shrubs in the Alaskan arctic, following a
global trend of shrubification (Berner, Jantz, Tape, & Goetz, 2018; Elmendorf et al.,
2012; Sistla et al., 2013). Increases in productivity of ectomycorrhizal shrubs has
included taller shrubs, which hold more snow leading to increased winter soil
temperatures (Epstein et al., 2012). Thus far, the structural changes to the plant
community have not altered the net carbon storage of the region despite large increases in
permafrost thaw depth, but this pattern is dependent on continued high shrub productivity
as well as low decomposer activity (Sistla et al., 2013). In addition to harboring large
carbon stores, there is a substantial amount of nitrogen released as the permafrost thaws,
as much as ~25 g∙m-2∙y-1, which could result in a fertilization effect on the shrubs
(Schuur et al., 2009).
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Importance of mycorrhizal fungi in boreal forest and arctic response to climate change

All six tree species native to Interior Alaska are obligately mycorrhizal and rely on
fungi to meet their nitrogen needs. Pine is also obligately mycorrhizal and in locations
where pine is invasive, it notoriously often co-invades with a suite of pine-specific
mycorrhizal fungi (Dickie, Bolstridge, Cooper, & Peltzer, 2010). Its establishment and
invasibility can be accommodated by a single fungal species, and in sites where there are
already compatible fungi from local hosts, pine tends to associate with its own, nonnative, fungi (Hayward, Horton, Anibal, & Nuñez, 2015; Urcelay, Longo, Geml, Tecco, &
Nouhra, 2017). Mycorrhizal fungi, though often presented as strictly mutualists, can fall
anywhere on the spectrum from parasitism to mutualism and their effects on their hosts
can be dependent on either host or fungal identity, and more frequently discussed, on
environmental conditions (Johnson, Graham, & Smith, 1997; Jonsson, Nilsson, Wardle,
& Zackrisson, 2001; Karst, Marczak, Jones, & Turkington, 2008). The variance in
benefits conferred to hosts suggests that fungi present after fire could influence
successional trajectories. However, fire drastically reduces the pool of mycorrhizal fungi,
in terms of abundance and composition, available to colonize hosts, even after low
severity fires (Dahlberg, 2002; Glassman, Levine, DiRocco, Battles, & Bruns, 2016;
Taudière et al., 2017). Since fungi are strongly structured by host species and
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environmental conditions, there is a range of possible reciprocal effects of fire severity
and associated host changes with mycorrhizal fungal communities that are poorly
understood.

The arctic is also strongly nitrogen limited and there is evidence that deep rooting,
non-mycorrhizal sedges and forbs can access nitrogen released at the thawing permafrost
boundary (Hewitt, Taylor, Genet, McGuire, & Mack, 2019; Keuper et al., 2017).
However, the largest increases in productivity have been observed in ectomycorrhizal
shrubs, that have a shallower rooting depth. Mirrored increases in ectomycorrhizal
biomass along with recent work that suggests that these mycorrhizal fungi play a role in
transferring nitrogen from the permafrost boundary to these more shallow rooted hosts
suggest they have a prominent role in observed plant community shifts (Clemmensen,
Michelsen, Jonasson, & Shaver, 2006; Fujimura, Egger, & Henry, 2008, Hewitt et al, in
prep). Changes in their composition in addition to their biomass have been documented,
but there is debate as to the extension and specificity of these changes (Fujimura et al.,
2008; Geml, Semenova, Morgado, & Welker, 2016; Timling & Taylor, 2012).

The major goal of the research presented in this dissertation is to increase our
understanding of fungal community composition response to environmental change and
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host shifts in boreal and arctic ecosystems and elucidate their potential roles in the larger
ecosystem response. This was accomplished through two major studies, one in each
region. The first study was an observations study encompassing over twenty
environmentally diverse sites that experienced a range of fire severity during the Summer
of 2004 in Interior Alaska. This study is partitioned into two chapters, both of which use
an Illumina data set of fungal community composition generated from root tips of four
species of known host seedlings. The first chapter examines the effects of fire severity and
host species on mycorrhizal fungal community composition, and the second chapter uses
machine learning to explore relationships between fungal community composition and
seedling growth to elucidate the role of these fungi in influencing successional
trajectories. Chapter three takes advantage of nearly thirty years of experimental warming
in the arctic to illuminate fungal community composition shifts on both ericoid and
ectomycorrhizal hosts at three different depth classes.

The results of these studies suggest changes to fungal communities are host and
environment specific, and the reciprocal influence of fungi on hosts is contingent on
several abiotic and biotic conditions. There were significant shifts in fungal community
composition with both fire severity and warming, and the directions suggest it is
important to consider fungal communities when studying ecosystem response to climate
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change. These results are summarised and synthesized into a broader context in the
conclusion section.
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CHAPTER 1

Shifts in fungal community composition with increased fire
severity, altered successional trajectories and and introduction of nonnative lodgepole pine
Introduction

Extensive environmental changes are pushing the boreal forests of Interior Alaska
towards an ecological brink, which has considerable potential to shift the taxonomic
composition, and consequently, disrupt the functioning of mycorrhizal fungi, a crucial
component of the ecosystem. Progressively warmer and drier conditions are driving
increases in fire severity in Interior Alaska that are tightly coupled with replacement of
coniferous with deciduous forests, breaking a 5,000-7,000 year old cycle characterized by
black spruce (Picea mariana) self-replacement (Johnstone, Hollingsworth, Chapin, &
Mack, 2010; Mann, Rupp, Olson, & Duffy, 2012). Additionally, there is potential for
expansion of non-native lodgepole pine (Pinus contorta var. latifolia) into Interior Alaska
through escape from experimental timber plantations within the region and natural
migration north and westward from the current native range in Yukon Territories, Canada
(Johnstone & Chapin, 2003). While the aboveground effects of these climate change
induced shifts are widely recognized, we know relatively little about how mycorrhizal
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fungal communities might be affected. All forest trees and most of the understory plants
in the boreal forest are obligately mycorrhizal. Furthermore, boreal forests contain >30%
of global sequestered soil carbon, to which mycorrhizal fungi are major contributors
(Apps et al., 1993; Clemmensen et al., 2013; Kathleen K. Treseder & Holden, 2013).
Therefore, it is important to assess whether non-native hosts and changes and the fire
regime may interact to accelerate changes in fungal composition and function.

Importance of mycorrhizal fungi to the boreal forest

Mycorrhizal fungi substantially contribute to boreal forest biodiversity. For
example, low plant diversity in Interior Alaska, where there are only six native tree
species (Chapin, Oswood, Van Cleve, Viereck, & Verbyla, 2006) contrasts with high
fungal diversity and an overall fungi:plant species ratio of ~17:1 (D. Lee Taylor et al.,
2014). The majority of these fungal taxa appear to be plant-associated, and approximately
42% are suspected to be ectomycorrhizal (D. Lee Taylor et al., 2014). In addition to
contributions to boreal forest diversity, mycorrhizal fungi play critical roles in carbon
cycling. They support primary productivity and subsequently aboveground carbon storage
by supplying limiting nutrients to plants indirectly ameliorating carbon loss to the
atmosphere (Heijden, Bardgett, & Straalen, 2007). More directly, fine roots and
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associated fungi account for up to 56% of total stand production and cycle approximately
six times more nitrogen than litterfall in black spruce forests in Interior Alaska (Ruess
Roger W. et al., 2003). Extramatrical mycelia of mycorrhizal fungi make up to a third of
microbial biomass and contribute as much as 50 to 70% of accumulated soil carbon in
some boreal forests (Clemmensen et al., 2013; Clemmensen Karina E. et al., 2014; K. K.
Treseder & Allen, 2000). Ergo, their effects on soil carbon cycling may be just as
important as their extensively studied effects on plant nutrition (Högberg & Högberg,
2002; Orwin, Kirschbaum, John, & Dickie, 2011).

The taxonomic identity of mycorrhizal fungi can strongly influence function. For
example, ericoid mycorrhizal (ERM) fungi are hypothesized to contribute to larger carbon
storage via recalcitrant biomass and have greater nitrogen mobilizing capabilities, while
ectomycorrhizal (EMF) fungi, especially those that produce rhizomorphs, may be more
efficient at transporting nutrients long distances (Clemmensen Karina E. et al., 2014;
Read, Leake, & Perez-Moreno, 2004). Within a guild, different species, can also have
disparate impacts on other components of nutrient cycling. For example, traits that are
unique to particular taxa include the following: some Suillus species associate with Nfixing bacteria, Laccaria bicolor obtains N by killing collembolans, and Cortinarius
species utilize peroxidases to mobilize N bound up in plant litter; yet all these taxa are
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ectomycorrhizal (Bödeker et al., 2014; Klironomos & Hart, 2001; Paul, Chapman, &
Chanway, 2007). Host identity and edaphic conditions are strong drivers of mycorrhizal
fungal communities, suggesting the ecological changes occurring in these forests have
potential to alter mycorrhizal fungal community composition and subsequently function
(Glassman, Wang, & Bruns, 2017; Ishida, Nara, & Hogetsu, 2007).

Changes to the Interior Alaskan fire regime

Under most climate -models, rising temperatures and concomitant increases in
evaporation and growing season duration predict a reduction in overall water availability
(Hinzman et al., 2005; Stewart, Kunkel, Stevens, Liqiang, & Walsh, 2013; Wendler &
Shulski, 2009). Warmer and drier conditions have already resulted in increased wildfire
frequency, severity, and extent in Interior Alaska, and are expected to continue to do so
(Kasischke et al., 2010). Wildfire both directly and indirectly impacts mycorrhizal fungal
communities, through heat-induced mortality, soil physicochemical changes, and
reduction of suitable hosts or shifts in host composition and age (Neary, Klopatek,
DeBano, & Folliott, 1999; Taudière, Richard, & Carcaillet, 2017). Despite numerous
studies examining the general effects of fire on mycorrhizal fungal communities (Baar,
Horton, Kretzer, & Bruns, 1999; Glassman, Levine, DiRocco, Battles, & Bruns, 2016;
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Kathleen K. Treseder, Mack, & Cross, 2004), only recently has there been an emerging
interest in the effects of fire characteristics on mycorrhizal fungi (Holden, Rogers,
Treseder, & Randerson, 2016; Reazin, Morris, Smith, Cowan, & Jumpponen, 2016; Sun
et al., 2015). Fire regimes comprise several components, including frequency, intensity,
and return interval, each of which can have different effects on mycorrhizal fungal
communities. For example, fire frequency but not the time since last fire affected
arbuscular mycorrhizal fungal community composition in an Australian study, likely due
to changes in the plant community with recurring fire that affect the symbiotic
relationships (Egidi et al., 2016). Few studies have addressed fire severity and
mycorrhizal fungi (eg. Holden et al., 2016; Reazin et al., 2016; Sun et al., 2015), only one
of which was conducted in the boreal forest (Holden et al., 2016). Fire regimes worldwide
are changing, making it increasingly imperative to understand how fire characteristics
affect mycorrhizal fungal communities. This study focuses on the effects of increased fire
severity in Interior Alaska and associated shifts in forest composition on mycorrhizal
fungal communities.

Conversion of black spruce to deciduous dominated forests
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Increases in fire severity in Interior Alaska have been linked to conversion of black
spruce to deciduous dominated forests (Barrett, McGuire, Hoy, & Kasischke, 2011;
Cahoon et al., 2018; Johnstone et al., 2010). Black spruce has been the dominant tree
species in interior Alaska for the past 5,000 to 7,000 years, currently accounting for about
40% of forest cover (Lloyd et al., 2006). Black spruce forests generally support a thick
organic layer, rarely fully-consumed under the historic fire regime of low severity fires. Its
large seed size gives it a recruitment advantage over smaller-seeded deciduous species
when there is a residual organic layer following lower severity fire (Johnstone et al.,
2010). The historical self-replacement of black spruce has resulted in a relatively constant
presence of the host for mycorrhizal fungi at the stand scale for millenia. However, more
severe fires can cause deep consumption of the organic layer and leave an exposed
mineral layer that favors recolonization by fast-growing deciduous species, particularly
Populus tremuloides (aspen) and Betula neoalaskana (birch) (Hollingsworth, Johnstone,
Bernhardt, & Chapin, 2013; Johnstone et al., 2010; Scheffer, Hirota, Holmgren, Nes, &
Chapin, 2012). Based on prior studies, we can expect that increases in aspen and birch
will significantly alter the composition of mycorrhizal fungi in these forests (Ishida et al.,
2007; Taylor et al., 2014).
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Introduction of non-native lodgepole pine

In tandem with the changing fire regime and subsequent shift towards deciduous
dominance, there is potential for expansion of non-native lodgepole pine into Interior
Alaska. Lodgepole pine has been widely planted in Interior Alaska for potential timber
production beginning in the mid 20th century (Alden, 1988, 2006). Within the native
range, lodgepole pine is undergoing a slow, post-glacial migration north and westward
from its current range boundary in Yukon Territory, Canada (Cwynar & MacDonald,
1987; Johnstone & Chapin, 2003; Sykes, 2001). Along current range borders, it
establishes more quickly than black spruce after fire and maintains dominance as stands
age (Johnstone & Chapin, 2003). In Interior Alaska, planted, migrating, or escaped
lodgepole pines may establish by associating with native fungi already present in the
region, and/or, by co-introduction with non-native fungi. Although pines can be generalist
hosts for some fungal taxa, they also host a suite of pine-specific taxa (e.g. Suillus,
Rhizopogon) (Bruns, Bidartondo, & Taylor, 2002; Molina, Massicotte, & Trappe, 1992;
Taylor et al., 2014). Escape of pine from plantations in the southern hemisphere has been
hindered by lack of appropriate mycorrhizal fungi and introduction of a single
mycorrhizal fungus can enable a pine invasion (Hayward, Horton, Anibal, & Nuñez,
2015; Nuñez et al., 2017; Nuñez, Horton, & Simberloff, 2009). Even in circumstances
where exotic pines could potentially associate with native fungi, they were dominated by
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non-native fungi (Dickie, Bolstridge, Cooper, & Peltzer, 2010). To our knowledge, there
are currently no studies that have characterized the fungi associated with lodgepole pines
in Interior Alaska.

In this study, we sought to address how variations in fire severity, host species, and
expansion of a novel host may interact to alter the mycorrhizal fungal communities in the
boreal forest of Interior Alaska. We took advantage of a large-scale regional experiment
studying the effect of fire severity on post-fire seedling success to analyze mycorrhizal
fungal community composition on seedlings of three native host species, Picea mariana
(black spruce), Picea glauca (white spruce), Populus tremuloides (trembling aspen), and
non-native Pinus contorta var. latifolia (lodgepole pine) that were planted into three burn
complexes from the massive 2004 fire year. We sought to address the following questions:
(1) does fungal community composition change predictably with burn severity; (2) do
fungal communities of individual host species differ; (3) is there an interaction between
fire severity and host tree species in driving fungal community composition; and (4) does
lodgepole pine host pine specific fungal taxa?
Methods and materials
Site description
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2004 was the largest fire year on record for Alaska, with over 2.7 million ha
consumed (http://forestry.alaska.gov/firestats/). Our study utilized 22 of 32 intensive study
areas established within three major burn complexes from 2004: the Dalton Complex, the
Taylor Complex, and the Boundary Fire Complex (Johnstone et al., 2009). The burn
complexes are located in Interior Alaska, which is defined by the Alaska Range (63°N) to
the South, the Brooks Range and latitudinal treeline (67°N) to the North, the Dalton
Highway (150°W) to the West, and the Alaska/Canada border (142°W) to the East.
Interior Alaska has a continental climate characterized by a large differential in air
temperature between summer and winter, relatively low precipitation (286 mm annual
average) and discontinuous permafrost (Osterkamp & Romanovsky, 1999). All sites were
dominated by black spruce with occasional individuals of trembling aspen, white spruce,
and paper birch prior to the 2004 fires. Pre-fire, the sites ranged from moist acidic forests
with understories dominated by Eriophorum vaginatum, to tussocks, to nonacidic dry
forests (Johnstone et al., 2010). The sites were chosen to maximize the range of burn
severities, site moistures, topographic positions and geographic dispersion within the
burn complexes (Johnstone et al., 2009).
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Study design and field sampling

In the Summer of 2005, greenhouse-grown seedlings of black spruce, white
spruce, trembling aspen, and lodgepole pine were planted in 32 sites. In addition, Alaska
paper birch was planted in the majority of sites, but due to low germination rates was not
planted at all sites and was not included in the present study. A subset of seedlings were
examined for mycorrhizal fungi prior to planting, and none were visibly colonized.
Among the 32 sites, we restricted our study to 22 sites where multiple replicates of each
host species survived, were harvested, and had healthy roots with sufficient numbers of
fine roots to sample the associated fungal communities. Each site included 14 blocks,
with one seedling of each species planted in each block separated by approximately 15
cm. In the summer of 2011 and 2013, seedlings in blocks 1-7 and 8-10 were harvested,
respectively. In total, we used roots from 458 seedlings, with various numbers of
replicates for each host and site (Supplemental File, Table S1). In both harvests, three
lengths of roots up to one meter long were followed from the root collar of each seedling
and collected. Root sections were placed into plastic bags and stored in a cooler on ice for
transport to the University of Alaska, Fairbanks, AK where they were gently rinsed with
water and stored in RNALater. Environmental and fire characteristics were measured at
the sites in 2005 and are described in detail elsewhere (Johnstone et al., 2009; Johnstone
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et al., 2010). Full metadata for the burned sites can be accessed at
http://www.lter.uaf.edu/data/data-detail/id/342 (Johnstone & Hollingsworth, 2013).

Molecular methods and bioinformatics

Detailed DNA extraction, PCR, library preparation, and sequencing methods are
described in detail in Supplemental Methods. Briefly, 12 colonized root tips were
randomly chosen and pooled from each seedling. DNA was extracted from the pooled
root tips using Qiagen DNeasy 96 Plant Mini Kit plates. RNase A and Proteinase K
incubations were performed prior to the manufacturer's protocol, which was then followed
starting at step 9. Polymerase chain reaction (PCR) was then used to amplify the ITS2
region. After initial PCR, sequencing tags and Illumina adaptors were annealed in a
second round of PCR and samples were pooled to roughly equal concentration. The final
library was cleaned and short fragments were removed using AMPure XP SPRI beads,
following the manufacturer protocol (Beckman Coulter, Inc). The library was quantified
on a Qubit and Bioanalyzer Fluorometer (Thermo-Fisher Sciences) and sequenced on an
Illumina MiSeq platform at the University of New Mexico, Clinical Translational Science
Center. Illumina sequences were processed using a combination of cutadapt and in
USEARCH v9.2.64_i86linux64 using following the UPARSE pipeline (Edgar, 2013). Full
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details and parameters can be found in Supporting Information Appendix S1. Taxonomy
assignments were performed using constax (Gdanetz, Benucci, Vande Pol, & Bonito,
2017). Taxonomic assignments were made to the lowest level that was identified with at
least 80% confidence. Guild classification was estimated using FUNGuild and refined
using investigator knowledge (Nguyen et al., 2016). Guild assignments were only kept if
the confidence was listed as ‘highly probable’ or ‘probable’ and no more than two guilds
were assigned, otherwise the guild was listed as ‘unknown’. Meliniomyces, was manually
assigned as ‘ericoid mycorrhizal’ due to its dominance in the Operational Taxonomic Unit
(OTU) table. Since we were most interested in mycorrhizal fungi, we subset the final
OTU table to include only putatively mycorrhizal taxa. OTUs were considered putatively
mycorrhizal if they fell into the following categories: ‘Arbuscular Mycorrhizal’ (AM),
‘Ericoid Mycorrhizal’ (ERM), ‘Ectomycorrhizal’ (ECM), and ‘Dark Septate Endophyte’
(DSE). The reduced OTU table contained 443 OTUs and 458 seedling samples
(Supplemental File SF2).

Unburned controls sequencing and bioinformatics

There were no unburned control sites included in the experimental study. In order
to compare the mycorrhizal fungal communities from our burned sites to unburned sites,

27
we utilized the data from a census of soil fungi completed in black spruce forests in the
same region of Interior Alaska. These sites and methods are described in detail in Taylor
et. al 2014. From these sites we used 14 samples, each representing a pool of soil cores
from either black spruce (n=8) or white spruce (n=6) dominated forests. The data from
the burned sites in the experimental study were derived from isolated root tips and
Illumina MiSeq sequencing, while the samples in the unburned plots from the soil fungi
census consisted of soil cores and were Sanger sequenced. Due to the differences in both
sample type and sequencing method, we performed only a few basic comparisons using
the unburned data. The majority of analyses were performed using only data from burn
sites. However, we view these limited comparisons as worthwhile because they provide
insight into the overall effects of fire. To incorporate the data from unburned control sites,
Codon Code Aligner was used to export the Sanger data as a .fastq file (CodonCode
Corporation, www.codoncode.com). The paired burned and unburned .fastq files were
concatenated together, then processed in usearch v9.2.64_i86linux64 following the
UPARSE pipeline (Edgar, 2013). The steps were identical to the burn only bioinformatics
except the merged reads were filtered with a maximum expected error of 1.0 instead of
0.5 and sequences shorter than 300 bp instead of 310 bp were removed (Supplemental
Methods). Taxonomy and guild were assigned identically as above. After guild
assignment, OTUs were filtered to only include putatively mycorrhizal taxa to account for
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unburned samples deriving from soil instead of roots. The final OTU table contained
1169 OTUs and 472 samples (Supplemental File SF1). Sample sizes for both burned and
unburned sites can be found in the Supplemental Information (Supplemental Information
Table S1)
.
Statistics

The goal of this paper was to examine the effects of burn severity, host tree species and
their potential interaction on the community composition of mycorrhizal fungi. We used
total composite burn index (CBI), percent organic matter consumed, and understory CBI
as indices of ‘burn severity' in separate analyses. Results were qualitatively similar for all
burn indices. We chose to focus on analyses derived from total CBI, because it provided
the clearest patterns, and is a useful composite index, as it incorporates both soil surface
and aboveground aspects of burn severity. All environmental variables were measured at
the site level. All analyses were completed in R and figures were produced using the
ggplot2 (Wickham, 2016) and ggpubr (Kassambara, 2018) packages.

Ordinations and community composition comparisons
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For all ordinations, a relativized OTU table was used. The OTU table was relativized
using the ‘transform_sample_counts’ command in phyloseq, which divided the read
numbers for each OTU in a sample by the total number of reads in that sample giving a
relative abundance (RA), as opposed to rarefied abundance (McMurdie & Holmes, 2013;
2014). Stress plots and scree plots were generated using the vegan (Oksanen, et al., 2018)
and the goeveg (Friedmann & Schellenberg, 2017) packages to determine the appropriate
number of dimensions for all NMDS analyses by examining the fit and decline in stress
with added dimensions. All ordinations were completed with metaMDS in vegan using a
Bray-Curtis dissimilarity matrix of the relativized community data. The ‘envfit’ function
in vegan was used to fit environmental vectors or surfaces onto the ordinations. The
vectors (continuous quantitative site descriptors, i.e. pH, percent mortality, etc.) were
plotted in a way that maximized correlation of the points with the respective variables.
The averages of ordination scores for factor levels (categorical site descriptors, i.e.
recruitment type, soil severity categories, etc.) were also calculated and the averages are
shown in SI Table S3. To test statistically whether the composition of mycorrhizal fungi
was related to either total CBI or host, ‘adonis’ was performed in vegan; both simple and
interaction models were run. To test which hosts had significantly different community
composition, a pairwise adonis was performed (Martinez-Arbizu, 2018). If adonis was
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significant, post-hoc pairwise adonis was performed to determine which categories
differed.
Variation of taxonomic groups with CBI and host

Normality was assessed visually with histograms and the ‘qqnorm’ plot, and
quantitatively with a Shapiro-Wilk test using the ‘shapiro.wilk’ function when visual tests
were unclear for all statistical tests with normality assumptions. Homogeneity of
variances were tested using the ‘bartlett.test’ function for all tests assuming homogeneity
of variances. To examine if specific taxonomic groups (Phyla, families, or guild), or
diversity estimates changed predictably with fire severity we constructed linear models
(RA of particular levels of taxonomy/diversity estimates ~ total CBI) to determine the
correlations with measured CBI. To control for the effect of host on the variation of
taxonomic group RA/diversity estimates with CBI, we performed an ANCOVA with main
effects and with interaction terms; when significant, we tested pairwise comparisons
using glht with Tukey comparisons in the multcomp package glht(res1,
linfct=mcp(host="Tukey")) (Hothorn, Bretz, & Westfall, 2008). Four diversity estimates
(richness, Shannon, Simpson, Chao1) were calculated using estimate_richness in
phyloseq. Richness and diversity estimates were calculated with both raw sequence count
data and rarefied data. For the rarefied diversity estimates, the OTU table was rarefied
without replacement using the ‘rarefy_even_depth’ function in the phyloseq package and
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OTUs no longer in the table after rarefaction were removed. The residuals for all linear
models were examined using plot(lm) in base R.

To test for differences in specific taxonomic groups or diversity between
categorical groups, host or binned CBI categories, we used Kruskal-Wallace tests in
addition to or in place of standard ANOVA. In cases where ANOVA or Kruskal-Wallace
showed significant differences, the Tukey or Dunn Kruskal Wallace multiple comparisons
tests were performed to assess which groups were significantly different. When possible
we used the continuous total CBI measurements. However, since we did not have
matching environmental data for the unburned control sites, total CBI measures were
binned into discrete categories based on the standard scale where zero is unburned and
three is severely burned. In the experimental portion (burn sites only) of the study there
were no sites with a CBI less than one. We categorized CBI as follows: 1.00 to 1.99 =
‘moderate’ burn, 2.00-2.49 = ‘high’ burn, and 2.50-3.00 = ‘severe’ burn. Total CBI was
categorized as ‘unburned’ if the samples were from the unburned control sites. Indicator
species analyses were completed using the indicspec package and the ‘multipatt’ function
to assess the significance and strength of the association between particular OTUs and
hosts (Cáceres & Legendre, 2009).

32
Does lodgepole pine host pine specific fungal taxa

Because we found the pine-specific, potentially non-native, genus Suillus on
lodgepole pines, we also examined the relationship between Suillus species and total CBI.
In order to do this, the OTU table was subset to taxa identified as Suillus and we used a
linear model (Suillus RA~total CBI) to test for the relationship of the genus overall, and
for each OTU identified as belonging to Suillus.

Results

Combined unburned and burned sequencing results

When data from the Sanger-sequenced soil and Illumina-sequenced root tips were
processed together and subset to taxa categorized as mycorrhizal, there were 472 samples
and 1169 OTUs (Supplemental Data S1). The mycorrhizal OTUs encompassed three
Phyla, 38 families, 62 genera, and 388 species. 307 OTUs were in Ascomycota
(RA~61.25%), 842 in Basidiomycota (RA~38.74%), and 20 in Glomeromycota
(RA~6.86E-3%). 896 OTUs were characterized as ECM (RA~44.41%), 157 as ERM
(RA~26.22%), 96 as DSE (RA~29.36%), and 20 as AM (RA~6.86E-3%).
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How does fire affect mycorrhizal fungal communities?

We did not assess differences in diversity between unburned and burned sites
because of sampling and sequencing differences between the two categories. A scree plot
resulted in diminishing NMDS stress decreases after three dimensions. The stress plot
non-metric fit R2 was 0.958 and the linear fit R2 was 0.737. The 3D NMDS showed a
distinct separation of the burned and unburned communities (stress=0.204, Figure 1).
Adonis (p>0.001, R2=0.055), and subsequent pairwise adonis revealed significant
differences between all CBI levels except moderate and high (Table 1). There were higher
mean RAs of Basidiomycota and ECM taxa in unburned sites compared to burn sites,
while the opposite trend occurred with RAs of Ascomycota, ERM and DSE taxa (Figure
2a,b). Within the burn sites, there were incremental declines of Basidiomycota and ECM
taxa RAs and incremental increases in Ascomycota and DSE taxa RAs with increasing
severity (CBI). There were generally higher RAs of DSE taxa across all burn sites
compared to unburned sites (Figure 2a,b). Out of the top 15 most abundant families, there
were much greater RAs of the following in unburned sites compared to burned sites:
Atheliaceae, Hygrophoraceae, Pyronemataceae, and Russulaceae. In burned sites, the
following families had significantly higher RAs: Boletaceae, Coniochaetaceae,
Helotiaceae, Helotiales Incertae sedis (Cadophora), Leotiaceae, Vibressaceae,
Thelephoraceae, and Suillaceae (Figure 2c). Indicator species analyses revealed five, six,
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and twenty-five indicator taxa for the moderate, high, and severe burn sites, respectively.
There were 11 indicator taxa for combined burned sites considered together compared to
619 for unburned sites. The majority of the indicator taxa in unburned sites with a
indicator value > 0.75 (n=26) were ECM taxa (n=18). Two taxa had an indicator value of
1.0, the first of which is an EMF (Cadophora finlandica and Laccaria montana)
(Supplemental File, SF4). When the three burned sites were considered together there
were only 11 indicator taxa; all were identified as species in the following genera:
Thelephora, Meliniomyces, Cadophora, Phialocephala, and Suillus.

Burned site Illumina sequencing results

When the burned data were processed alone, there were 2485 OTUs. 773 OTUs
were confidently identified to guild, of which 443 were mycorrhizal. Despite making up
less than a quarter of the OTUs, mycorrhizal OTUs accounted for 89% of the sequences.
The mycorrhizal OTUs include four phyla, 39 families, 58 genera, and 170 species. 133
OTUs were in Ascomycota (RA~63.03%), 299 in Basidiomycota (RA~36.97%), nine in
Glomeromycota (RA~7.00e-4%), and two in Mucoromycota (RA~4.39e-4%). 288 OTUs
were characterized as ECM (RA~41.85%), 108 as ERM (RA~44.96.1%), 38 as DSE
(RA~13.18%), and nine as AM (RA~ 7.00e-4%).
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Do fungal communities change predictably with burn severity?

Prior to rarefaction, Chao1 was the only diversity metric that had a significant
linear relationship with total CBI (R2=0.012, p=0.009); however, this did not hold after
rarefaction. A scree plot showed diminishing decreases in stress for the NMDS after three
dimensions. The stress plot non-metric fit R2 was 0.960 and the linear fit R2 was 0.740.
The 3D NMDS plot (stress=0.199) shows a statistically significant relationship between
community composition and total CBI (adonis: R2=0.027 , p<0.001) (Figure 3). The
envfit function highlighted several environmental variables that were significantly
correlated with the NMDS ordination; among these, total CBI had the strongest
correlation (R2=0.1584, p<0.001, Supplemental File Table S2).

Due to the extremely low RA of both Mucoromycota and Glomeromycota,
Ascomycota and Basidiomycota RA had nearly exact reciprocal relationships with CBI.
There was a significant increase in Ascomycota RA and significant decline in
Basidiomycota RA with CBI (Figure 4a, Table 2). Similarly, ERM RA significantly
increased with CBI, while ECM RA significantly declined with CBI (Figure 4c).
However, the relationships between phylum or guild with CBI were only significant on
select coniferous hosts (Figure 4b, Figure 4d, Table 2). All families and individual OTUs
had a heavily right-skewed, zero inflated, distribution of RA and were transformed before
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linear regression (log(RA+0.01)) or ANCOVA analyses. All trends in RA with CBI at
broader levels of taxonomy were heavily influenced by the response of a few highly
dominant OTUs to fire severity. The twenty most abundant taxa accounted for nearly 80%
of the data, and 98% of the data was encompassed in the one hundred most abundant
OTUs. We examined the relationships of the five most abundant taxa in the study. OTU2,
Thelephora terrestris, was the second most abundant taxon in the study (overall
RA~11.26%), had the strongest relationship with CBI, and was likely a strong driver of
the trends seen in both Basidiomycota and ECM RA with CBI. OTU1, 417, and 3, all
identified as Pezoloma sp., were the first, third, and fifth most abundant taxa across all
burn sites (OTU1 overall RA~17.90%; OTU417 overall RA~9.46%; OTU3 overall
RA~7.56%). All three significantly increased with CBI, varying by host, and were likely
the drivers of the positive trends in Ascomycota and ERM RA with CBI. OTU5,
Phialocephala fortinii (overall RA~9.22%) significantly declined with CBI; however, this
relationship was only significant on the native hosts (Figure 4e, Table 2).

Do fungal communities of individual host species differ?

Richness and Shannon diversity on aspen were significantly lower than for black
spruce (richness p=0.06, Shannon p=0.03 ) and lodgepole pine (richness p= 0.008,

37
Shannon p= 0.04) prior to rarefaction. After rarefaction, Shannon diversity was the only
significant metric (Kruskal-Wallace p=0.027). Dunn’s kruskal-wallace multiple
comparisons tests showed significantly lower Shannon diversity of aspen mycorrhizal
fungal communities compared to black spruce (p=0.027), and lodgepole pine (p=0.047).

The 3D NMDS plot displayed overlap in fungi across all hosts (Figure 6a).
However, there were significant differences between hosts based on adonis (R2=0.048,
p<0.001) (Figure 6a). Pairwise adonis revealed that all hosts had significantly different
fungal community compositions, except black and white spruce (Table 3). There was
significantly less dispersion amongst aspen saplings compared to each of the three
coniferous hosts (p=1.612e-8). Aspen had a significantly greater RA of Ascomycota and
ERM taxa and a significantly lower RA of Basidiomycota and ECM taxa compared to
compared to coniferous hosts (Figure 6b,c). White spruce had a significantly lower RA of
Basidiomycota than lodgepole pine (Figure 6b). Lodgepole pine had a significantly
greater RA of DSE than both aspen and white spruce (Figure 6c). All coniferous hosts
were dominated by ECM taxa, followed by ERM taxa, then DSE taxa. All hosts had a
very low RA of AM.
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Indicator species analyses resulted in eight indicator taxa on aspen, all of which
were ectomycorrhizal: three Russula species, Inocybe lacera, Sebacina sp., Serendipita
sp., Alnicola/Naucoria tantilla, and Cortinarius parvannulatus. Black spruce had two
indicator taxa: both of which were ectomycorrhizal taxa: Hygrophorus pustulatus and
Cortinarius sp.. Lodgepole pine had thirteen indicator taxa: nine Suillus species, a group
of non-native ECM species, Cadophora finlandica, Meliniomyces sp., and two Pezoloma
species. White spruce had four indicator taxa, all of which were identified as Amphinema
species (Supplemental File, SF5). Black spruce had the greatest number of unique OTUs
(n=53), followed by white spruce (n=41), lodgepole pine (n=38) and aspen (n=28). Full
indicator species analysis results can be found in Supplemental File SF5.

Are there interactive effects of CBI and host?

Per adonis, there is a significant interaction between host and CBI, although effect
of the interaction term is a weaker fit than either host or burn severity alone (host
R2=0.047, p<0.001, Total CBI R2=0.028, p<0.001, interaction R2=0.010, p=0.009).
When total CBI is constrained by host in adonis, there is a slightly better fit (R2=0.072,
p<0.001). ANCOVA analyses examining the relationship of the RAs of phyla, guilds,
families and individual taxa with CBI and host were significant for main effects, but only
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OTU2 had a significant interaction effect (p=0.024). Although hosts do vary in their
responses to CBI, there is limited support for an interaction between total CBI and host.

Does lodgepole pine host pine-specific fungal taxa?

OTUs in the genus Suillus were found almost exclusively on lodgepole pine. There
were 15 OTUs assigned to the genus. Suillus was the fourth most abundant genus on
lodgepole pine (LPP) accounting for 11.94% by RA, and the eighth most abundant genus
in the burn sites accounting for 3.15% by RA. OTU 20, Suillus brevipes, was by far the
most abundant of all Suillus OTUs (LPP RA~7.90%), followed by: OTU32, Suillus
tomentosus (1.64%), OTU1715, Suillus brevipes (1.05%), OTU85, Suillus flavidus
(0.61%), OTU33, Suillus pseudobrevipes (0.48%), and OTU1836, Suillus sp. (0.25%).
All other OTUs identified as Suillus made up less than a tenth of a percentage of the taxa
on lodgepole pine.
Discussion

Key findings

Burned sites had significantly different mycorrhizal fungal composition than
unburned control sites and differences of mycorrhizal fungal communities between hosts

40
diminished following fire, resulting in community disassembly. In terms of relative
abundance, Basidiomycota and EMF taxa means were highest in unburned sites and
declined with fire severity, suggesting that these groups are more sensitive to fire severity
than Ascomycota and ERM taxa. This resulted in more opportunistic colonization of
typical ECM hosts by ERM fungi with increasing fire severity. Aspen had lower diversity
and significantly greater Ascomycota and ERM compared to coniferous hosts, suggesting
the patterns seen with increasing fire severity could be exacerbated by co-occurring
increases in aspen dominance. Functional or nutritional differences between EMF and
ERM could have implications at the ecosystem level as ERM taxa increase with rising fire
severity and subsequently aspen dominance. There was a surprising amount of the genus,
Suillus, on lodgepole pine seedlings, evidence that non-native fungi have already either
dispersed or have been co-introduced with lodgepole pine.

Does fungal community composition change predictably with burn severity?

Despite numerous studies examining the general effects of fire on fungal
composition and diversity, few have explicitly examined the effects of severity (but see
Reazin et al., 2016). In this study we took advantage of an experiment designed to
elucidate the effects of fire severity on post-fire seedling success to specifically assess

41
severity effects on mycorrhizal fungal composition. We found a significant decline in
Chao1 with increases in fire severity prior to rarefaction, but this relationship was absent
after rarefaction. However, there was a significant decline in (log)number of raw sequence
reads as fire severity increased (p=0.020, R2=-0.008), potentially reflecting real
differences in fungal abundance, colonization, or vigor of mycorrhizal fungi, in
congruence with previous studies that have reported declines in ectomycorrhizal fungal
biomass, respiration, colonization and abundance following fire (Dahlberg, Schimmel,
Taylor, & Johannesson, 2001; Holden et al., 2016; Kipfer, Egli, Ghazoul, Moser, &
Wohlgemuth, 2010; Reazin et al., 2016; Sun et al., 2015; Taudière et al., 2017; Visser,
1995). Results from other molecular based surveys are conflicting; some have reported
declines while others found no significant change in diversity after fire (eg. Barker,
Simard, Jones, & Durall, 2013; Dahlberg et al., 2001; Hewitt, Bent, Hollingsworth,
Chapin, & Taylor, 2013; Rincón, Santamaría, Ocaña, & Verdú, 2014). In our case,
rarefaction may have removed a biologically meaningful decline in abundance and
diversity.

Despite inconclusive diversity patterns, there were distinct compositional shifts in
burned versus unburned and with increasing CBI. Aas a group, members of the
Ascomycota were positively correlated with increasing CBI while there were reciprocal
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decreases in Basidiomycota. These data augment previous studies, which have
demonstrated a lower tolerance of Basidiomycota compared Ascomycota to fire generally
in both boreal and temperate coniferous forests, by illuminating the rate of decline in
Basidiomycota with increasing fire severity (Holden et al., 2016; Reazin et al., 2016;
Visser, 1995). Similar to results in Reazin et al. 2016, these patterns were driven by
strong responses of a few highly dominant taxa. OTU1 (most abundant OTU overall),
OTU417 (3rd) and OTU3 (5th), all Pezoloma sp., accounted for 77.65% of all ERM taxa.
Along with OTU5, Phialocephala fortinii, and OTU4, Cenococcum geophilum, these taxa
accounted for ~75% of Ascomycota RA. With the exception of OTU4, all these OTUs
significantly increased with fire severity; responses of these OTUs also varied by host.
OTU2, Thelephora terrestris, was the second most abundant taxon overall, and accounted
for 30.45% of all Basidiomycota, and 25.90% of EMF. Since these taxa accounted for
large proportions of their respective phyla and guilds, and were highly sensitive to fire
severity, they are likely the drivers of the patterns seen at broader taxonomic levels
(genus, family…). Similar taxa were found on naturally regenerating seedlings in the
same region four years after the 2004 fire season and were suggested to be widely and
evenly distributed (Bent, Kiekel, Brenton, & Taylor, 2011). Several of the abundant taxa
in this study have also been commonly isolated from spore banks (i.e. Cenococcum,
Phialophora, Cadophora, Wilcoxina, Thelephora) and are commonly found after fire in
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both temperate and boreal forests (Baar et al., 1999; Glassman et al., 2016; Nguyen,
Hynson, & Bruns, 2012; D. L. Taylor & Bruns, 1999). Together with our data, this
provides evidence that fungi that survive fire as resistant propagules along with fungi that
either survive on or that rapidly disperse and colonize resprouting shrubs are still
dominant seven years post fire. Earlier studies reported that ectomycorrhizal colonization
took 15 years to recover and community composition required up to 41 years to stabilize
following fire (Treseder et al., 2004; Visser, 1995). Since the shifts in mycorrhizal fungal
community composition strengthen with increased fire severity, it seems likely that
increasingly severe fires will extend recovery time. Large shifts in community
composition have the potential to alter ecosystem function through differential
contributions to soil carbon storage and divergent enzymatic capabilities among phyla,
guilds, and species (Clemmensen et al., 2013, 2014; Orwin et al., 2011; Sterkenburg,
Clemmensen, Ekblad, Finlay, & Lindahl, 2018; Treseder & Holden, 2013). However, the
potential impacts of shifts towards Ascomycota and ericoid dominated mycorrhizal
communities on host health and ecosystem function are mostly unknown.

One potential mechanism that may underlie the shifts in community composition
with increasing CBI is the local mortality and displacement of resident fungi in
superficial soil layers by newly dispersed fungi and surviving fungi from deeper soil
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layers. Various studies have shown opportunistic colonization of hosts that are typically
ectomycorrhizal by other mycorrhizal guilds following fire. For example, Horton et al
1998 found both DSE and arbuscular mycorrhizal colonization of Pinus muricata
seedlings after the Vision Fire in California, with colonization by DSE occurring as early
as one month post germination, suggesting that DSE colonized the seedlings from
resistant propagules in the soil rather than through aerial dispersal (Horton, Cázares, &
Bruns, 1998). In our sites, there was near complete mortality of trees following fire, likely
resulting in a drastic reduction in ectomycorrhizal fungal inoculum via both direct fungal
mortality and elimination of hosts. However, vegetation recovery data collected in a
subset of our sites showed that despite a decline in resprouter/seedling coverage with burn
severity, there was a higher average coverage of ericaceous hosts than ectomycorrhizal
hosts at every site surveyed, and the site with the highest measured total CBI had no
ectomycorrhizal seedlings (Supplemental Information Table S3, Figure S1) (Bernhardt,
2008). We found significant ERM abundance in all burn sites compared to the unburned
sites, and even though there was large variation in ERM RA across plots and sites, there
was a significant linear increase in ERM RA with CBI. In support of the role of
mycorrhizal resprouters, Hewitt et al. 2016 demonstrated that naturally regenerating
ectomycorrhizal seedlings following a tundra fire shared several fungi with resprouting
ericaceous shrubs at the arctic treeline, and suggested that the latter were a potential hub
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of mycorrhizal fungi for coniferous seedlings (Hewitt, Chapin, Hollingsworth, & Taylor,
2017). Furthermore, an identical genotype of Rhizoscyphus ericae has been shown to
form mycorrhizal associations with both ericaceous shrubs and typically ectomycorrhizal
coniferous trees (Grelet, Johnson, Vrålstad, Alexander, & Anderson, 2010; Vrålstad,
Fossheim, & Schumacher, 2000). ERM fungi colonizing seedlings via mycelial expansion
from resprouting shrubs may have a competitive advantage due to priority effects
(Kennedy, Peay, & Bruns, 2009) (Johnson 2015). In addition to potential priority effects,
ERM taxa are better adapted to phenolics produced by their ericaceous hosts than are
typical ECM fungi, which could bolster their presence and longevity following fire
(Mallik, 2003; Pellissier, 1993; Souto, Pellissier, & Chiapusio, 2000).

Do fungal communities of individual host species differ?

While there were no significant differences in richness or diversity between burn
severity categories, there was significantly lower diversity on aspen hosts compared to
coniferous hosts by multiple diversity measures using both raw and rarefied data. Since
the forests were all dominated by black spruce prior to fire (Hollingsworth et al., 2013),
and both hosts and mycorrhizal fungi display taxonomic preferences in partner selection,
the lower fungal diversity on aspen could reflect fewer compatible fungi prior to fire.
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Additionally, the surrounding forests are dominated by black spruce and the fungi locally
available to disperse into newly burned sites are likely adapted to black spruce.

Despite substantial overlap in mycorrhizal fungal communities among all host
species, each host had a statistically distinct fungal community, with the exception of
white and black spruce. Previous studies have shown correlations in phylogenetic
relatedness and similarity of mycorrhizal fungal communities (Chen et al., 2017;
Reinhart, Wilson, & Rinella, 2012). Consistent with this, the largest difference in fungal
communities were found between lodgepole pine and aspen. These results suggest that
predicted declines in black spruce dominance, especially when coupled with an increase
in aspen, could result in significant shifts in fungal community composition and
potentially decreased fungal diversity.

Does lodgepole pine host fungi that are novel to the region?

Lodgepole pine had substantial overlap in mycorrhizal fungal community
composition with planted seedlings of all of the native host tree species, suggesting that
its establishment and potential expansion could be facilitated by local ectomycorrhizal
fungi. However, lodgepole pine was preferred by several fungi based on indicator species
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analysis, including members of the genus Suillus. Suillus contains many species that
occur solely on hosts in the genus Pinus, and these species have not previously been
documented in Interior Alaska (Geml et al., 2010; Laursen & Seppelt, 2014; Laursen &
McArther, 2016; Laursen, personal communication; Molina et al., 1992; Senkowsky,
2006; Taylor et al., 2010, 2014). Suillus was the eighth most abundant genus overall in
our study (RA~3.15%), and the fourth most abundant genus on lodgepole pine
(RA~11.94%), indicating that cointroduction or revitalization of dormant Suillus
propagules has already occurred and could be augmented by either escape from
experimental plantations or from natural migration. In addition to changing mycorrhizal
fungal composition, the co-introduction of OTU32, Suillus tomentosus, in particular,
could alter nitrogen dynamics in Alaskan boreal forests. The tuberculate structures
formed by Suillus tomentosus and Pinus contorta host diazotrophic bacteria that have
150-800 fold higher nitrogenase activity compared to other ECM combinations, where
diazotrophs that have been isolated but appear to fix little to no nitrogen (Frey‐Klett,
Garbaye, & Tarkka, 2007; Paul et al., 2007, 2012). The S. tomentosus/P. contorta
combination can contribute significant nitrogen inputs to lodgepole pine forests (Paul et
al., 2007). Boreal forests are strongly nitrogen limited; therefore, co-introduction of
Suillus tomentosus could lend a competitive advantage over native hosts and significantly
alter ecosystem nitrogen dynamics.

48

The source of inoculum for Suillus in Interior Alaska is unknown. However, we
note that the seedlings were greenhouse grown in Fairbanks, Alaska, and did not exhibit
visible colonization when planted. Suillus sporocarps are very abundant in lodgepole pine
plantations throughout Alaska (DeVan, personal observation), suggesting that plantations
may be one source of inoculum. Despite evidence for limited dispersal abilities in the
genus (Peay, Garbelotto, & Bruns, 2011; Peay, Schubert, Nguyen, & Bruns, 2012),
Suillus was found on seedling roots across most of our burn sites, including ones
separated by hundreds of kilometers from the nearest plantation. Suillus granulatus and
other non-native mycorrhizal fungi have been recorded with pines planted at least nine
km from the closest native stand, which along with our data provides support for longer
distance dispersal potential in the genus (Urcelay, Longo, Geml, Tecco, & Nouhra, 2017).
An alternative hypothesis stems from the fact that pine was present in Interior Alaska
~10,000 years ago and there is potential for permafrost soil to preserve ancient fungi
(Bellemain et al., 2013; Chapin et al., 2006). Pither and Pickles recently proposed a
‘paleosymbiosis’ hypothesis suggesting that migrating hosts could associate with fungi
that have been inactive for millennia and suggest this is particularly plausible in regions
with favorable preservation conditions such as permafrost (Pither & Pickles, 2017).
Regardless of the source of inoculum, our results suggest that the introduction of
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lodgepole pine can lead to explosions of Suillus populations nearly anywhere in Interior
Alaska, and these populations have the potential to significantly alter forest structure and
function.

Along the northwestern range edge of lodgepole pine in Yukon Territories,
Canada, lodgepole pine establishes and maintains dominance over black spruce after fire
(Johnstone & Chapin, 2003). Because significant Pinus invasions have been facilitated by
as few as a single ectomycorrhizal fungal species (Hayward et al., 2015) in the Southern
hemisphere and given that we found 15 OTUs belonging to the genus Suillus in our study,
combustion of lodgepole pine plantings in Interior Alaska could result in rapid expansion
of the non-native host and multiplication of fungi novel to the region. Comparable to
increases in aspen cover, the introduction of lodgepole pine into the region is likely to
bring about diverse environmental and edaphic changes. Lodgepole pine forests do not
support the thick, mossy, organic layer found in black spruce dominated forests, and, as a
result, lodgepole pine cover reduces carbon storage and accelerates permafrost thaw
(Brown, 1975). Additionally, fires in pine stands burn more frequently, severely, and
deeper into the soil organic matter than spruce forests in Western Canada, and the
serotinous cones of pines facilitate strong self-replacement (Feduck et al., 2015; van
Bellen, Garneau, & Bergeron, 2010; Walker et al., 2018). Both the host itself and
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associated edaphic changes with the introduction of lodgepole pine have considerable
potential to alter mycorrhizal fungal communities.

Are there interactions between burn severity and host?

We found a significant interaction between fire severity and host in driving
mycorrhizal fungal composition, but the interaction term (Adonis) was weaker than either
host or CBI alone. At broader taxonomic scales, there were no significant interactions
between CBI and host; however, OTU2, Thelephora terrestris, was influenced by host-fire
interaction. The lack of interaction found when examining other taxonomic levels is
surprising since hosts varied significantly in their responses to CBI. Interestingly, aspen
had the fewest increases or declines of particular OTUs with fire severity, perhaps due to
the greater dominance of fire-tolerant Ascomycota on this host. The shifts in fungal
community composition with increasing CBI mirror the differences between conifer and
aspen fungal communities, suggesting that shifts towards deciduous dominance following
fire may compound the effects of increasing fire severity.

Difference between unburned and burned fungal communities
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Since the experimental study that formed the basis of our work was specifically
designed to examine sites with high mortality, there were no unburned controls. To
address the overall impacts of fire, we used the data from a previous study conducted in
unburned black spruce forests in the same region (Taylor et al., 2014). When comparing
unburned sites to burned sites, we saw a strong separation in ordination space between
unburned and burned sites. The shifts in taxonomic patterns from unburned to burned
sites matched the more subtle patterns seen with increasing CBI across burned sites.
Unburned sites were heavily dominated by ectomycorrhizal fungi and contained several
unique OTUs. Furthermore, unburned black spruce forests were very distinct from
unburned white spruce forests, whereas, in the burned sites there was substantial overlap
between these two host species. This suggests that fire causes a homogenization of
mycorrhizal fungal communities across hosts. There is little information regarding the
effect of disturbance on the similarity of fungal communities on different host species
(but see Craig, Woods, & Hoeksema, 2016). Our study suggests that in addition to
shifting community composition, fire could drive community disassembly. Similarly, in
the Southwestern US, piñon pine ECM fungal communities converged towards
dominance of a few closely related taxa when subject to stresses imposed by diverse
biotic interactions (herbivory, parasites, or competing trees) or drought (Gehring,
Mueller, Haskins, Rubow, & Whitham, 2014).
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Our study indicates that there will be widespread shifts from basidiomycetous
fungi toward more ascomycetous fungi as aspen increases in dominance across the
landscape in Interior Alaska with increasing fire severity. These patterns are reflected in a
large increase in the ERM RA at the expense of ECM RA that have important potential
consequences for boreal forest function (Clemmensen et al., 2014). These patterns were
largely observed on coniferous hosts, with aspens infrequently displaying significant
trends. The multiplication of non-native fungi with lodgepole pine has the potential to
exacerbate changes in both fungal composition and forest function, especially with the
introduction of Suillus tomentosus, which could alter nitrogen dynamics. Together, our
results suggest a synergistic cascade of shifts in native boreal forest mycorrhizal fungal
communities with increasing fire severity. Fire directly removes fungi and reduces
diversity, but also promotes native aspen as well as non-native lodgepole pine, which in
turn associate with distinct fungi and alters the environment. Increasing aspen dominance
is predicted to exert a negative feedback on burn frequency and intensity due to its lower
flammability (Barrett et al., 2011; Mann et al., 2012). In contrast, lodgepole pine is highly
flammable and fire-adapted, thus perhaps posing the greatest threat to fungal communities
of native spruce. Because of differences in ecosystem function of particular species and
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guilds of mycorrhizal fungi, the impacts of these community shifts could be far-reaching;
however, the functional impacts remain to be elucidated.
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Chapter 1 tables
Table 1. Post-hoc pairwise adonis comparisons among CBI levels with Bonferroni
corrections. All CBI levels are significantly different from each other except for moderate
and high severity burn sites
pairs

F model

R2

p value

adjusted p value

unburn vs moderate

13.12

0.08

<0.01

0.01

unburn vs high

12.99

0.08

<0.01

0.01

unburn vs severe

12.94

0.07

<0.01

0.01

moderate vs high

2.14

0.01

0.02

0.11

moderate vs severe

11.18

0.04

<0.01

0.01

high vs severe

7.06

0.02

<0.01

0.01

Table 2. Results from linear models and randomizations on the log(RA+0.01) of the five
most abundant taxa.
OTU #

species

LM p value

LM R2

randomization p value

OTU2

Thelephora terrestris

0.01

0.02

0.01

OTU5

Phialocephala fortinii

<0.01

0.12

<0.01

OTU1

Pezoloma sp.

<0.01

0.03

<0.01

OTU3

Pezoloma sp.

<0.01

0.02

<0.01

OTU417

Pezoloma sp.

<0.01

0.02

<0.01

Table 3. Pairwise adonis results for mycorrhizal fungal communities between hosts.
Community composition is significantly different between all hosts except black and
white spruce.
pairs

F model

R2

p value

adjusted p value

aspen vs black spruce

11.68

0.05

<0.01

0.01

aspen vsv lodgepole pine

16.05

0.07

<0.01

0.01

aspen vs white spruce

8.95

0.04

<0.01

0.01

black spruce vs lodgepole pine

3.80

0.02

<0.01

0.01

black spruce vs white spruce

1.89

0.01

0.03

0.17

lodgepole pine vs white spruce

4.70

0.02

<0.01

0.01
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Chapter 1 Figures

Figure 1. 3D NMDS of samples by burn severity category and host type. The first two
axes of the 3D NMDS (stress=0.204) are shown. For the burned samples (moderate, high,
and severe) each point represents the 12 pooled root tips from a single seedling. For the
unburned sites, each point represents the pooled soil cores from a site. The input matrix
was 1169 taxa by 472 samples and the distance method used was Bray-Curtis. The
ellipses shown are 95% confidence ellipses calculated by stat_ellipse; these calculations
are modified from car::ellipse (Fox and Weisberg, 2011). The points are colored by CBI
level and the points represent the dominant host in the forest (unburned sites ) or the host
from which the root tips originated (burned sites). There is distinct separation of the
unburned samples from the burned samples, despite considerable overlap amongst the
burn samples, mycorrhizal fungal communities are significantly different among CBI
levels (adonis p<0.001, R2=0.055).
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Figure 2. Fungal community composition by burn severity category. (a) There were large
declines in the mean RA of Basidiomycota and increases in the mean RA of Ascomycota
with increasing CBI level. The mean RA of Glomeromycota and hence arbuscular
mycorrhizal taxa was negligible in all CBI levels and is not shown. (b) Ericoid
mycorrhizal (ERM) fungal taxa increase with CBI level, while ectomycorrhizal (ECM)
taxa decrease. (c) RAs of dominant families across fire severity. Some families are over or
underrepresented in burned or unburned sites.
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Figure 3. 3D ordination of samples by continuous burn severity and host type. The first
two axes of the 3D NMDS (stress=0.199) are shown. Each point represents the 12 pooled
root tips from a seedling. The input matrix was 443 taxa by 458 samples. The distance
method used was Bray-Curtis. The NMDS showed strong directional change in
mycorrhizal fungal community composition with total CBI. Adonis analysis was
significant (R2=0.027, p<0.001). Envfit vectors were plotted on the ordination with arrow
length proportional to their R2 value (SOC=soil organic carbon, SON=soil organic
nitrogen). Only significantly correlated continuous variables with an R2 > 0.10 are shown
on the ordination.
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Figure 4. Shifts in fungal phyla and guilds with increasing burn severity. (a) Ascomycota
generally increases with burn severity, while Basidiomycota decreases (b). (c)
Ectomycorrhizal fungi generally decrease with burn severity while ericoid mycorrhixal
fungi generally increase (d).
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Figure 5. Shifts in fungal community composition with continuous burn severity. (a)
OTUs 1, 3, and 417 were three of the top ten most abundant taxa and all were identified
as Pezoloma sp.. The log(RA+0.01) had a significant relationship with CBI on at least one
host with all three OTUs (b). (c) OTU2, Thelephora terrestris, was the second most
abundant taxon, and the log(RA+0.01) had a significant relationship with CBI, which
occured with all coniferous hosts (d). (e) OTU5, Phialocephala fortinii was the fourth
most abundant taxon and it significantly declined on all native hosts.
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Figure 6. Fungal community composition by host species. (a) The first two axes of the
3D NMDS (stress=0.199) are shown. Each point represents the 12 pooled root tips from a
seedling. The input matrix was 443 taxa by 458 samples. The distance method used was
Bray-Curtis. Despite substantial overlap, there was a significant difference between hosts
per adonis (R2=0.047, p<0.001). Aspen had significantly lower dispersion compared to
conifers (p<0.001). (b) Aspen had significantly higher Ascomycota RA compared to
conifer species. White spruce had nearly significantly higher Ascomycota RA compared
to lodgepole pine (p=0.07). Basidiomycota RA was significantly higher on conifers
compared to aspen, and nearly significantly higher on lodgepole pine compared to white
spruce (0.07). (c) Ectomycorrhizal RA was significantly higher on conifers compared to
aspen. Ericoid mycorrhizal RA are significantly higher in aspen compared to conifers.
Dark septate endophyte RA was significantly higher in lodgepole pine compared to aspen
and black spruce.

73

Chapter 1 supplemental methods

DNA Extraction

Root sections were cut into ~4 approximately four cm sections with care to not
disturb colonized root tips. These smaller root sections were then placed into a large
gridded petri dish in ultrapure water and 12 colonized root tips from each seedling were
chosen based on their proximity to 12 randomly generated coordinates on the petri dish.
These root tips were then removed from the root system with forceps, gently dried with
KimWipes, and placed into 20 μL of buffer AP1 (Qiagen DNEasy 96 Plant Mini Kit) in a
1.5 mL eppendorf tube.

The root tips were then subjected to three freeze-thaw cycles and homogenized
using a power drill and Kontes plastic pestles. After grinding, 380 μL of buffer AP1 was
added and mixed with each set of samples before transferring samples into wells of
Qiagen DNeasy 96 Plant Mini Kit plates. 4 μL of RNase A was added to each sample and
the plates were incubated at 65°C for 10 minutes. Then 6 μL of Proteinase K was added
to each sample (3.42 mg / 100 μL of TE buffer: 60 mM Tris pH 8.0 + 100 mM EDTA)
and plates were incubated at 55 °C for four hours. After the Proteinase K incubation, the
Qiagen DNeasy 96 Plant Kit protocol was followed starting at step 9. Elution was
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performed twice with 50 μL, for a final volume of 100 uL.

PCR and sequencing

25 μL polymerase chain reactions (PCRs) were completed using: 5 μL Phusion
HF Buffer (New England Biolabs, Ipswich, Massachusetts, USA), 0.5 μL of 10 mM
deoxynucleoside triphosphates, 0.25 μL of Primer mix (50 μM each of ITS4-Fun
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGCCTCCGCTTATTGATATGC
TTAART and 5.8S-Fun
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAACTTTYRRCAAYGGATCW
CT), 0.25 μL Phusion High Fidelity DNA Polymerase (New England Biolabs, Ipswich,
Massachusetts, USA), 14 μL of ultrapure water, and 5 five uL of DNA template.
Thermocycling was done under the following conditions: initial denaturation at 98°C for
30 seconds, followed by 26 cycles of denaturation at 98°C for 10s, annealing at 58°C for
10 seconds, and extension at 60°C for four minutes, this was repeated 27 times followed
by a final extension at 60°C for 20 minutes. PCR amplification was performed on three
replicates of each sample, which were pooled together, to minimize stochasticity of
amplification bias. Each sample was then concentrated using Zymo DNA Clean and
Concentrator-5 columns for 96 well plates and eluted twice with 21.25 μL of elution
buffer for a total volume of 42.5 μL (Zymo Research, Irving California, USA). After
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cleaning, a second round of PCR was performed to anneal Illumina adapters and dual
indexes. Second round PCR was done in 25 uL reactions, with 5 μL Phusion HF Buffer
(New England Biolabs, Ipswich, Massachusetts, USA), 0.5 μL of 10 mM
deoxynucleoside triphosphates, 5 uL of Primer mix (2 μM each of 5’
CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTCTCGTGGGCTCGG- 3’ and 5’
AATGATACGGCGACCACCGAGATCTACAC-NNNNNN-TCGTCGGCAGCGTC -3’,
with Ns representing the unique six bp barcode), 0.25 μL Phusion High Fidelity DNA
Polymerase (New England Biolabs, Ipswich, Massachusetts, USA), 9.25 μL of ultrapure
water, and 5 uL of purified first round PCR diluted 125x as the template. Thermocycling
was carried out under identical conditions as the first round except there were seven
cycles instead of 27. After tagging, samples were pooled to roughly equal concentration
by comparing band gel brightness on agarose gels. The final library was cleaned and short
fragments sequences were removed using AMPure XP SPRI beads, following the
manufacturer's protocol (Beckman Coulter, Inc). The library was then quantified on a
Qubit and Bioanalyzer Fluorometer (Thermo-Fisher Sciences). The library was
sequenced on an Illumina MiSeq platform at the University of New Mexico, Clinical
Translational Science Center.
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Bioinformatics

Illumina sequencing adaptors were removed using the paired end settings of
cutadapt (Martin, 2011). The remaining bioinformatics steps were performed using
usearch v9.2.64_i86linux64 (Edgar, 2013). Forward and reverse reads were paired with a
minimum of 50 bp overlap and maximum of 10ten bp differences. Merged reads were
filtered with a maximum expected error of 0.5 and reads shorter than 310 bp were
removed. Identical sequences were counted and collapsed, then unique sequences were
clustered into OTUs at 97% identity. All OTUs matching phiX were removed. Non-phiX
OTUs were clustered against the UNITE fungal database Version 01.12.2017 and OTUs
with less than a 50% match to fungi in the database were removed (UNITE Community,
2017). The remaining OTUs comprised the final set of representative OTUs. Merged
‘dirty’ or all merged reads regardless of passing quality control filters were then clustered
against the final representative OTU set to estimate abundances and construct the OTU
table. Taxonomy was assigned to the final representative OTUs using constax (Gdanetz,
Benucci, Vande Pol, & Bonito, 2017). Guild classification was estimated completed using
FUNGuild (Nguyen et al., 2016). 76 samples were dropped from the OTU table due to
low (<1000) read numbers. Each sample represents 12 pooled root tips from a single
seedling.
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Supplemental file 1 tables
Table S1. Final sample sizes for all seedlings.
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Table S2a. Results from envfit function showing significant vectors correlated with 3D
NMDS axes.
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Table S2b. Goodness of fit function results from envfit function.
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Table S3. Braun-blanquet totals from sites that were surveyed. (adapted from Bernhardt
2008)
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Supplemental file 1 figures

Figure S1. The total Braun-blaunquet coverage by total CBI for both ericoid and
ectomycorrhizal host plants. The total coverage of all species that were either ericoid
mycorrhizal hosts (ERM) or ectomycorrhizal hosts (ECM) were summed for each site.
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CHAPTER 2

Evidence for fire-mediated context-dependency in the ubiquitous
mycorrhizal symbiosis

Introduction

Despite their ubiquity and importance, plant-fungal associations are often
overlooked when studying ecosystem responses to climate change (Kivlin, Emery, &
Rudgers, 2013). Although mycorrhizas are often given as a textbook example of a
mutualism, depending on context and species, they can fall anywhere on the spectrum
from parasitism to mutualism (Johnson, Graham, & Smith, 1997; Karst, Marczak, Jones,
& Turkington, 2008). Several studies have demonstrated that the magnitude and type of
benefits to plant hosts is dependent on the identity of both partners. In addition to
variation in benefits due to partner identities, mutualisms have been demonstrated to
show greater context dependency than either competition or predation and are more likely
to show a change in sign across contexts (- negative, 0 - neutral, + positive), attributed to
higher complexity of resource exchange and costs of mutualism to both partners
(Chamberlain, Bronstein, & Rudgers, 2014). Soil nutrient availability is the most well
studied environmental context in regards to mycorrhizas, with mycorrhizal fungi
becoming less beneficial to hosts after fertilization with nitrogen, phosphorus or both
(e.g. Bi, Li, & Christie, 2003; Corkidi, Rowland, Johnson, & Allen, 2002; Khasa et al.,
2001). Fire has dramatic environmental effects on forested landscapes, altering soil
nutrient availability, moisture, chemistry, texture, and temperature. Fire also selectively
removes vegetation and soil organisms, setting the stage for divergent secondary
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successional trajectories that may be mediated by plant-fungal relationships (Barrett et
al., 2011; Neary, Klopatek, DeBano, & Folliott, 1999; Taudière, Richard, & Carcaillet,
2017).

The roles of mycorrhizal fungi in mediating plant competition and fostering
succession, the complexity of multispecies mutualisms, and the context dependency of
mycorrhizal associations have been studied independently or in simple combination, but
in reality these phenomena occur simultaneously (Afkhami, Rudgers, & Stachowicz,
2014; Booth, 2004; Nara, 2006; Smith & Read, 2008b). Most mycorrhizal fungi are
generalists, and hosts can be colonized by at least tens of fungal species simultaneously
(Saari, Campbell, Russell, Alexander, & Anderson, 2005). Even though interspecific
competition among mycorrhizal fungi is understudied compared to other organisms,
recent studies have uncovered their pervasiveness and impact on mycorrhizal structure
(Kennedy, 2010 and references within). Furthermore, interspecific competition among
ectomycorrhizal fungi (EMF) have been documented to be highly context dependent,
with outcomes altered by temperature, pH, and the number of competitors, all of which
can impact their effect on a host (Erland & Finlay, 1992; Kennedy, Hortal, Bergemann, &
Bruns, 2007; Mahmood, 2003). Increasing awareness of interactions among root
associated fungi, along with increasing knowledge of relevant environmental variables,
urge their consideration when studying ecosystem response. To inform theory about how
the influence of complex, obligate, ubiquitous, and often diverse multi-guild fungal
mutualisms on host growth are impacted by context dependency to mediate changing
successional trajectories due to global change, we investigated how seedling growth is
related to host-fungal combination, abundance of other fungi, and indirect effects of fire
severity in a field study in Interior Alaska. The results of this study provide evidence for
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the importance of multi-guild fungal interactions in predicting differential host growth of
four tree species in the boreal forest of Interior Alaska following fire. We also reveal
several biotic and abiotic context dependencies of plant-fungal relationships that could
modulate successional trajectories, and we suggest that climate change creates novel and
important context dependencies in mycorrhizal symbiosis.

Climate change is altering fire regimes globally. In Interior Alaska, warmer and
drier conditions have resulted in increasing fire severity, frequency, extent, and duration
(Barrett, McGuire, Hoy, & Kasischke, 2011; Mann, Rupp, Olson, & Duffy, 2012). Higher
severity fires in the region are closely tied to shifts in forest dominance from black spruce
to deciduous dominance by aspen and paper birch (Johnstone, Hollingsworth, Chapin, &
Mack, 2010). Not only does fire reduce mycorrhizal fungal inoculum available to
regenerating seedlings, it filters the pool of mycorrhizal fungi towards higher proportions
of spore bank fungi and often results in opportunistic colonization of ectomycorrhizal
(ECM) hosts by ericoid mycorrhizal (ERM) fungi, arbuscular mycorrhizal (AM) fungi,
and dark septate endophytic (DSE) fungi. Ectomycorrhizal fungi have a consistently
positive relationship to host growth, but the magnitude of the benefit is heavily dependent
on fungal-host combinations (Karst et al., 2008). The costs and benefits to
ectomycorrhizal hosts of ‘atypical mycorrhizae’ such as DSE are less understood than
those of the ectomycorrhizal fungi that dominate mature forests (Baar, Horton, Kretzer, &
Bruns, 1999; Glassman, Levine, DiRocco, Battles, & Bruns, 2016; Holden, Rogers,
Treseder, & Randerson, 2016; Horton, Cázares, & Bruns, 1998). Mycorrhizae that do not
form a mantle and Hartig net have traditionally been classified under the umbrella of
“endomycorrhizae” (Smith & Read, 2008c). Endomycorrhizas can be separated into
several groups: arbuscular, ericoid, arbutoid, monotropoid, and orchid mycorrhizas
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(Smith & Read, 2008b). Different mycorrhizal types have typically been cited as forming
between a select phylogenetic group of plants and a select phylogenetic group of fungi.
While these different types of mycorrhizas are formed only by distinct phylogenetic
fungal groups, many of these fungi have been observed to form mycorrhizas with a wide
range of plant hosts simultaneously. For instance, arbuscular and ericoid mycorrhizal
fungi are frequently found colonizing what have been classified as ectomycorrhizal hosts,
and this phenomenon is especially common after disturbances that reduce inoculum
potential, particularly fire (Bent, Kiekel, Brenton, & Taylor, 2011; Hewitt, Bent,
Hollingsworth, Chapin, & Taylor, 2013; Horton, Cázares, & Bruns, 1998). Despite the
common occurrence of many endomycorrhizal fungi and DSE on typically
ectomycorrhizal hosts after fire, it is unclear how the costs and benefits of these atypical
fungi compare to their ectomycorrhizal counterparts.

In addition to increasing fire severity, and associated shifts in successional
trajectories in Interior Alaska, lodgepole pine is widely planted in the region and is
undergoing a slow post-glacial migration towards the region from its native range in
Yukon, Canada (Alden, 2006; Johnstone & Chapin, 2003). The genus Pinus hosts a suite
of fungal genera that are specific to the plant genus, including Suillus, which was only
recently documented in the region (Bruns, Bidartondo, & Taylor, 2002; DeVan et al. in
prep, Molina, Massicotte, & Trappe, 1992). Suilloid fungi were recently identified as
global drivers of pine invasions due to their comparatively long distance dispersal ability,
capacity to develop resistant spore banks, positive interactions with mammals, rapid
colonization of hosts, and long-distance exploration type (Policelli, Bruns, Vilgalys, &
Nuñez, 2019). Furthermore, it has been posited that the identity of mycorrhizal fungi and
ecological interactions were more important than the mere presence of compatible fungi
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for determining plant invasion success (Policelli et al., 2019). In addition to presence of
suilloid fungi, fire plays an important role in the natural spread and invasion of pine
(Edwards et al., 2015; Franzese & Raffaele, 2017). In a companion study, we found nonsignificant increases in Suillus species with increases in burn severity. Increasing burn
severity, and subsequent increases in Suillus in the region, suggest the Pinus-Suillus
relationship and its context dependency with respect to fire severity may strongly
influence the speed of migration and chance of escape from local plantations in Interior
Alaska.

The transitional state of the Interior Alaskan boreal forest presents an opportunity
to study context dependency of a ubiquitous and essential symbiosis in forests
experiencing accelerated rates of global change that may prove useful in modeling
response of lower latitude ecosystems experiencing slower rates of change. Increasing
fire severity has created a mosaic of sites that encompass various degrees of burn severity
and environmental conditions that result in large variance in seedling growth, increasing
our chances of identifying context-dependency and expanding the range of conditions for
which we can predict outcomes. In this study, we planted and later harvested four
different tree species: black spruce, white spruce, trembling aspen, and lodgepole pine at
sites spanning varying burn severities from fires in 2004 and a wide range of
environmental conditions. Finding a non-native fungus associated with a non-native host
in our previous study, also allowed us test whether non-native plant-fungal pairs
experience more or less context dependency than native pairs. We used random forest
analyses to estimate the relationships and interactions of particular fungi and
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environmental variables with growth of these host species. The specific questions we
address are:
1. a) Are the same fungi important for multiple hosts?
b) Do they have the same effects on different hosts?
2. Is there similar context-dependency among hosts?
3. Does fungal symbiont identity matter at lower levels of taxonomy, or are effects
seen only (or predominantly) at the guild level?

Materials and methods

Site and fire description

Interior Alaska is demarcated by the Alaska range (63N) to the South, the Brooks
range to the North (67N), the Dalton highway to the West (150W), and the
Alaska/Canada border to the east (142W). The region is characterized by a continental
climate, with a large differential in air temperature between summer and winter. Summer
high temperature averages 23℃ in July and winter lows average -28℃ in January, with
an average annual temperature of -3℃. Average annual precipitation is relatively low at
286 mm (Wendler & Shulski, 2009). The region is underlain by discontinuous permafrost
(Osterkamp & Romanovsky, 1999).

The sites in this study burned during the warm and dry 2004 summer, during
which over 2.7 million hectares were consumed (http://forestry.alaska.gov/firestats/),
making it the largest fire year on record in Alaska (Todd & Jewkes, 2006). All sites were
located within three large burn complexes in Interior Alaska: the Dalton, Taylor and
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Boundary fire complexes (Johnstone et al., 2009). These burn complexes experienced
multiple fire starts and burned into late August 2004. In May 2005, eight replicate sites
representing each category in a factorial combination of high and low site moisture and
high and low fire severity were chosen (n=32) (Johnstone et al., 2009). The study
presented here utilized 22 of these 32 sites. All sites were dominated by black spruce
prior to fire with occasional occurrences of white spruce, trembling aspen, and paper
birch. Pre-fire forest community types included: moist, black spruce forests with a prefire understory of Eriophorum vaginatum, tussocks, or sphagnum moss; mesic black
spruce forests with a feathermoss understory; and dry or elevational black spruce
woodlands with open canopies and a lichen or moss understory (Hollingsworth, Walker,
Chapin III, & Parsons, 2006; Johnstone et al., 2009). Environmental and fire
characteristics were measured at the sites in 2005 and are described in detail elsewhere
(Johnstone et al., 2009; Johnstone et al., 2010). Full metadata for the burned sites can be
accessed at http://www.lter.uaf.edu/data/data-detail/id/342 (Johnstone & Hollingsworth,
2013).

Study design and field sampling

During the Summer of 2005, one-year old greenhouse grown seedlings of black
spruce, white spruce, trembling aspen, and lodgepole pine were planted in ten replicate
blocks at each site. Paper birch was also planted, but due to low germination rates, it was
excluded from this study. Within each block, seedlings were separated by 15 cm, and
blocks were separated by five meters. A subset of seedlings examined were devoid of
visible mycorrhizal colonization prior to planting. Seedlings were harvested from blocks
1-7 in 2011, and from blocks 8-10 in 2013. In total, 443 seedlings (aspen n=103, black
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spruce n=111, white spruce n=112, and lodgepole pine n=117) were examined for
growth-fungal relationships from 22 sites. The remaining 10 sites were excluded due to
low seedling survival rates, although patterns of mortality and growth are described
elsewhere (Johnstone et al. in prep.) Seedlings were carefully placed into contractor
garbage bags for transport to the University of Alaska, Fairbanks, AK (UAF), where they
were processed for biomass and nutrient status measurements within one week. Roots
were harvested simultaneously with seedlings. Three sections of roots up to one meter
long were traced from the root collar, taking care not to damage fine roots. Roots were
placed into plastic bags and transported on ice to UAF where they were stored at 4˚C.
Roots were gently rinsed with water and stored in RNALater within one month of
sampling.

Biomass measurements

For conifer seedlings, new growth (current year) was measured separately from
old growth. Both old and new growth were separated into woody stem and branches, and
non-woody leaves. All of these parts were weighed for fresh mass, and weighed again
after oven drying. For aspen seedlings, new wood and old wood were separated and
measured for both fresh and oven dried mass. All aspen foliage was also measured for
both fresh mass and oven dried mass. Basal stem diameter and height were recorded for
each seedling. Oven dried new biomass was used as the response and proxy for growth in
the random forest analyses.
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Fungal processing

For each seedling, root segments were cut into ~4 cm sections, spread into a large
gridded petri dish in ultrapure water, and healthy root tips closest to twelve randomized
intercepts were chosen for fungal identification. Tips were selected regardless of whether
they displayed overt ectomycorrhizal symptoms such as swelling, increased branching or
a mantle. The root tips were gently dried on a KimWipe (Fisher Scientific, Hampton,
NH) before placement in a 1.5-mL eppendorf tube filled with 400 uL of Qiagen DNEasy
Plant Mini Kit reagent AP1 (lysis buffer). Root tips were then ground using Kimble©
Kontes plastic pestles (Sigma Aldrich, St. Louis, MO) mounted to an electric drill.
Following grinding, 4 uL of RNase A was added to the samples, and the samples were
incubated at 65℃ for 10 min. Then 6 uL 1 mg *uL-1 of Proteinase K was added to the
samples followed by incubation for four hours at 50℃. DNA was isolated using Qiagen
DNEasy Plant mini kit, following the manufacturer's protocol starting at step 9 (Qiagen,
Hilden, Germany).

PCR and sequencing

The internal transcribed spacer 2 (ITS2) was amplified in 25 uL PCR reactions.
PCR master mix included 5uL of Phusion high fidelity (HF) buffer (Thermo Fisher
Sciences, Waltham, MA), 0.5uL 10 mM deoxynucleotide triphosphates (New England
Biolabs, Ipswich, MA), 0.25 uL of primer mix: 50 uM each of 5.8S_Fun_next and
ITS4_next (Taylor et al., 2016), 0.25 uL of phusion HF DNA polymerase (Thermo Fisher
Sciences, Waltham, MA), and 14 uL of ultrapure water for each samples. 5 uL of DNA
template of approximately 10 ng was added to the master mix for amplification.
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Thermocycling conditions were as follows: initial denaturation at 98℃ for 30 seconds,
followed by 26 cycles of 98℃ for 10 seconds, annealing at 58℃ for 10 seconds,
extension at 60℃ for 4 minutes, then a final extension at 60 C for 20 minutes. PCR was
performed in triplicate, then pooled for each sample to reduce stochasticity and PCR bias.
Amplicons were then concentrated using Zymo DNA Clean and Concentrator-5 columns
for 96 well plates, eluted twice with 21.25 uL of elution buffer for a total volume of 42.5
uL (Zymo Research, Irvine, CA). Samples were then quantified using gel electrophoresis
and normalized to ~20ng/uL. Normalized samples were amplified in a second round of
PCR to anneal Nextera adaptor based dual indexes. Thermocycling was performed as
above, but was limited to seven cycles. Final samples were quantified again by gel
electrophoresis. All samples were then diluted to ~5 ng/uL and pooled before clean up
with AMPure SPRI magnetic beads (Beckman Coulter, Brea, CA). The AMPure
manufacturer's protocol was followed adding 90 uL of AMPure bead solution to 50 uL of
the library. This process was completed twice, then the final library was by gel
electrophoresis to verify sufficient purification. The library was then quantified using a
Qubit fluorometer (Thermo Fisher Sciences, Waltham, MA) and a high sensitivity
bioanalyzer chip on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA). The final library was sequenced using a v3 600 cycle kit (Illumina, San Diego, CA)
with paired end reads on an Illumina Miseq at the University of New Mexico Clinical and
Translational Science Center.

Bioinformatics

First, the paired-end settings of cutadapt was used to remove Illumina sequencing
adaptors (Martin, 2011). All of the remaining bioinformatics steps were completed using
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the UPARSE pipeline in usearch v9.2.64_i86linux64 (Edgar, 2013). Forward and reverse
reads were paired with a 50 bp minimum overlap and a maximum of 10 bp differences.
Merged reads were then globally trimmed to 310 bp and any reads shorter were removed.
Merged, trimmed reads were quality filtered with a maximum expected error of 0.5.
Identical reads were then counted and collapsed (dereplicated) and unique sequences
were clustered into OTUs at 97% identity. A phiX filter was applied to the OTUs and all
reads matching phiX were removed. OTUs were clustered against the UNITE fungal
database version 01.12.2017, and only OTUs with > 50% match to fungi in the database
were kept (UNITE Community, 2017). All merged reads were then clustered against the
representative OTUs from the previous step to construct the OTU table. Constax was
used to assign taxonomy to the final representative OTUs (Gdanetz, Benucci, Vande Pol,
& Bonito, 2017). FUNGuild was used to classify guilds (Nguyen et al., 2016). Each
sample represented 12 pooled root tips from a single seedling (see above). For all
statistical analyses, OTUs were relativized. Relativization was completed using the
phyloseq package in R with the transform_sample_counts() command to divide the
number of reads of a particular OTU in a sample by the total number of reads in the
sample (McMurdie & Holmes, 2013). All subsequent analyses were completed in R
v3.4.4.

Fungal selection

We assumed the most influential fungi would be those with the largest relative
abundance (RA) on a particular host. To calculate the most abundant fungi on a particular
host, the following steps were performed. The samples were split into separate data
frames for each host. The sum of the RAs of OTUs of each genus were calculated by
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melting the data frame for each host using the melt function in the reshape2 package, and
summing the RAs of the respective OTUs using the aggregate function (Wickham, 2007).
The summed genera RAs were then ordered from largest to smallest values using the
order function, and subset to the top ten OTUs. The setDT function in the data.table
package was used to subset the original melted data frame to contain only the top 10
OTUs found using aggregate and order (Dowle et al. 2019). The melted and subset data
frame was then cast using the dcast function of the reshape2 package.

Principal components analysis

To reduce the number of environmental variables and correlations among them,
we performed a principal components analysis (PCA) using the vegan package (Oksanen
et al., 2018). Environmental variables were measured at the site level, and seventeen
variables were included in the PCA. Variables and their justification for inclusion can be
found in Supplemental File 2. The environmental data frame was converted to a
correlation matrix and the PCA was performed with the princomp() function. To
determine the appropriate number of PCA axes to be used in the random forest final
analyses, we completed randomization analysis using the rndLambaF() function in the
PCDimension package (Wang, Kornblau, & Coombes, 2018). The loading matrix was
used to determine which environmental variables were most strongly correlated to each
resulting axis. Scores from the first two PCA axes and the log(dry weight of new
biomass) were added to the data frames containing the most abundant fungi for each host
using the match() function.

Variable selection
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Two packages were used to reduce the number of features used in our final
random forest analyses, Boruta and MUVR. The Boruta package duplicates the dataset,
then randomizes the values in each of the duplicated columns, termed shadow variables.
Then a random forest is trained on the data, and if the Z score is greater for the real
variable than the shadow variable, it is kept in the final variable selection (Kursa &
Rudnicki, 2010). MUVR performs minimal variable selection by using recursive variable
elimination in a repeated double cross-validation (rdCV) procedure, and it finds the most
parsimonious set of variables (Shi, Westerhuis, Rosén, Landberg, & Brunius, 2019).
Variables provided from both Boruta and MUVR overlapped, but occasionally one
contained more variables than the other. When variables were not identical, we used all
variables identified by both methods when performing our initial random forest
regression and then pruned variables based on feature importance. Prior to running
random forest regressions, we used the caret package to determine the number of
variables to be randomly sampled as candidates at each split (Kuhn, 2015). Random
forest regressions were completed using the RandomForest package (Liaw & Wiener,
2002). After the initial random forest, variable importance was assessed and any variables
with negative importance were removed and the random forest was rerun; this was
repeated until all features had a positive importance value. Both percent variance
explained and the root mean squared error (RMSE) for each of the final random forest
analyses are presented. The RMSE can be interpreted as the average deviance between
predicted and actual response. When an RMSE is lower than the standard deviation, the
algorithm can be interpreted as having adequate learning ability. The importance of
features in random forest algorithms are determined by computing the loss of predictive
ability in terms of RMSE when permuting the values in a feature. All RMSE values have
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been back transformed to understand the variance in relation to biomass on the original g
scale.

Variable importance was calculated by finding the amount of increase of RMSE in
the model if the variable is permuted. Variable importance was calculated and plotted
using the iml package (Molnar, 2018). Partial dependence plots were created for each
variable in the random forest regressions. Partial dependence plots show the average
relationship between a single variable and the response, in this case log(dry weight new
biomass), holding all other variables constant. However, the PDP relationship can be
heterogeneous if there are substantial interaction effects. We used individual condition
expectation plots in the ICEbox package to plot the functional relationship between the
predicted response and the predictor variable for each observation (Goldstein, Kapelner,
Bleich, & Pitkin, 2013). These plots show the variation in fitted values across the
predictor, with differences in direction suggesting heterogeneity. To make any
heterogeneities easier to observe, we centered the ICE plots, so each predictor value
always starts at zero (Goldstein et al., 2013). The extent to which a variable’s influence
on the outcome was dependent on an interaction with another variable was estimated
using the Interact command in the iml package. The interaction of a feature is measured
by the decomposition of the prediction function. The full prediction function is comprised
of partial functions of each feature. When there is no interaction, the full function is
completely explained by the sum of the partial functions. Any variance that is not
explained by the full function is a measure of interaction strength. The interaction
strength is determined by the variance of a two dimensional partial dependence function
that is not explained by the sum of the two single dimension partial dependence
functions. This value is measured by Friedmans' H-statistic, with no interaction having a
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value of zero, and complete dependence of a variable on interaction having a value of 1.
The predictor variables with the highest degree of interaction strength were then
considered in all two-way interactions and the interaction was estimated. We computed
the partial dependence function of the interactions of the strongest two way interactions
using the PDP package (Greenwell, 2017), and plotted the output matrix using ggpubr
which relies on ggplot2 (Kassambara, 2018; Wickham, 2016).

Results

Lodgepole pine seedlings had the largest range (max=532.4550 g, min= 0.1000 g)
and average weight of new biomass (mean=50.1795 g, sd=97.6921 g), followed by aspen
(mean=4.9800 g, sd=7.200 g, min=0.0821 g, max=37.200 g) then white spruce
(mean=4.5349 g, sd=6.1770 g, min=0.1000 g, max=35.800 g), and black spruce
(mean=4.500 g, sd=5.6200 g, min=0.1000 g, max=40.3000 g) (Table 1).

The randomization analysis on our PCA resulted in two axes. Eigen values
resulting from our PCA indicated that the first two components explained 29.1% and
21.0% of the environmental variance among sites, respectively. The first axis was most
positively correlated with fire severity as measured by the composite burn index (CBI)
(R2 = 0.34), and most negatively correlated with residual organic matter (R2 = 0.43) and
post fire soil organic nitrogen content (R2 = 0.36). This axis was also strongly negatively
correlated with the time domain reflectometry (TDR) measurements from all three years
(R2 = 0.31-0.35). Since fire severity is strongly tied to reduction of organic matter and
therefore total organic nitrogen, and loss of moisture, this axis is interpreted as burn
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severity in subsequent analyses. The second axis was most strongly correlated with pH
(R2 = 0.44); it is interpreted to represent variation in pH for all subsequent analyses.

We found 2217 fungal OTUs colonizing the 443 seedlings across the study, and
the taxonomic summaries of a slightly larger set of data can be found in DeVan et al. in
prep. In brief, the 103 aspen seedlings had the lowest overall richness, with 983 OTUs,
comprised of 114 families, and 295 genera. Black spruce seedlings had the highest
overall richness, with 1307 OTUs colonizing 111 seedlings, made up of 137 families, and
219 genera. Lodgepole pine and white spruce seedlings had very similar richness. The
117 lodgepole pine and 112 white spruce seedlings were colonized by 1276 OTUs,
encompassing 128 families, and 208 genera, and 1277 OTUs, made up of 135 families,
and 219 genera, respectively. Seedling species were colonized by fungi in up to nine
phyla, but the majority of fungi on the roots of each species belonged to Ascomycota and
Basidiomycota. The majority of fungi by RA were assigned to mycorrhizal guilds. By
RA, aspen seedlings were dominated by ericoid mycorrhizal fungi, black spruce and
lodgepole pine seedlings by ectomycorrhizal fungi, and white spruce dominated roughly
equally by ericoid and ectomycorrhizal fungi. Seedings of all species were also colonized
by endophytic fungi with around ten percent by RA. Numbers of OTUs and RAs for each
seedling for both phylum and guild can be found in Supplementary File 1, Tables 1 and 2,
respectively. The fifteen most abundant genera for each host can be found in
Supplementary File 1, Tables 3-6.

The features that were found to have more predictive power than randomized
versions by Boruta and cross validation by MUVR for each host species can be found in
Supplementary File 1, Table 7. The final random forest analysis for aspen explained

98
24.12% of the variance in growth of aspen seedlings and had an RMSE of 1.87,
compared to a standard deviation of 7.20 g, and a range of 37.12 g. The variables in order
of importance in the random forest analysis were: site (RMSE=9.03, 95% CI
[7.77,11.13]), Cadophora (comprised of 13 OTUs, but largely dominated by OTU625 by
RA) (RMSE=4.71, 95% CI [4.01,4.76]), Phialocephala (comprised of 5 OTUs, OTU5
accounted for > 99% by RA) (RMSE=4.35, 95% CI [3.63,5.21]), burn severity
(RMSE=3.74, 95% CI [3.52,4.39]), and Inocybe (comprised of 14 OTUs, largely
dominated by OTU18 by RA) (RMSE=3.42, 95% CI [3.35,3.56]). Variable importance
and partial dependence plots for aspen seedlings can be found in Figure 1. Interaction
strengths of individual variables for aspen seedlings can be found in Table 2, and graphs
showing the strongest variable interactions can be found in Figure 2. Higher RAs of
Cadophora and Phialocephala were generally negatively related to aspen seedling
growth, while RAs of Inocybe and increasing burn severity were generally positively
related to aspen seedling growth. The correlation of Cadophora RA with predicted aspen
seedling growth had an interaction value of 0.25. This means that 25% of the correlation
was dependent on interactions with other variables, and was most strongly dependent on
interactions with the RAs of Inocybe (0.19) and Phialocephala (0.18), but was also
dependent on interactions with site (0.15), and burn severity (0.14). RAs of Cadophora
had a stronger correlations with predicted aspen seedling growth when there were higher
RAs of Inocybe and lower RAs of Phialocephala. Predicted aspen seedling growth had
strictly negative correlations with increasing Cadophora at nine of the twenty-two sites,
while having a small correlation at low RA levels compared to no Cadophora, followed
by a rapidly negative effect on growth at higher levels of RA at the majority of sites,
Supplemental File 1, Figure 2. The relationship between Cadophora and predicted aspen
seedling growth was strongest at lower levels of burn severity. The effect of site on aspen
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seedling growth was also highly interactive (0.25), and was most dependent on
interactions with Cadophora (0.23) and Phialocephala (0.16). Burn severity had an
interaction strength of 0.17, and most dependent on interaction with Cadophora (0.19).

The final random forest model (Figure 3) for black spruce explained 18 percent of
the variance in seedling growth with a RMSE of 2.00, compared to a standard deviation
of 5.62, and a range 40.2 g. The variables retained in order of importance were: site
(RMSE=6.55, 95% CI [5.82,6.86]), Phialocephala (comprised of 4 OTUs, OTU5
accounted for >90% by RA) (RMSE=3.69, 95% CI [3.38,4.33]), burn severity
(RMSE=3.63, 95% CI [3.13,3.91]), Thelephora (comprised of one OTU, OTU2)
(RMSE=3.60, 95% CI [3.26,3.75]), Russula (comprised of 20 OTUs, roughly codominated by OTU108, 56, & 60) (RMSE=3.55, 95% CI [3.40,3.97]), pH (RMSE=3.44,
95% CI [3.01,3.73]), Pezoloma (comprised of 15 OTUs, roughly co-dominated by
OTUs1, 3, & 417) (RMSE=3.41, 95% CI [3.31,3.98]), and Penicillium (comprised of 15
OTUs, largely dominated by OTU13) (RMSE=3.35, 95% CI [3.27,3.58]). Variable
importance and partial dependence plots for black spruce seedlings can be found in
Figure 3. Interaction strengths of individual variables for black spruce seedlings can be
found in Table 3, and graphs showing the strongest variable interactions can be found in
Figure 4. There was a trend toward higher black spruce seedling growth at mid-levels of
burn severity. There was a general negative trend in seedling biomass with increasing pH
and RAs of Phialocephala and Penicillium. There was a general positive relationship of
black spruce seedling growth with increasing RAs of both Russula and Pezoloma. While
increasing RAs of Thelephora had a mostly positive effect on predicted black spruce
seedling growth, the relationship became negative after about a 50% RA. The effects of
both site (0.24) and Phialocephala (0.20) were relatively strongly dependent on
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interactions with other features. However, the individual interactions of site had about
equal strength with each of the other features (>0.10). The effect of Phialocephala was
most strongly interactive with the RAs of Pezoloma (0.17) and Thelephora (0.15), with
the negative effect of low levels of Phialocephala being dampened by higher levels of
either Pezoloma or Thelephora. Phialocephala had a stronger positive effect at mid levels
of burn severity (interaction=0.09) and lower pH (interaction=0.09). Thelephora had an
interaction value of 0.19, and was strongly interactive with burn severity (0.25) and
moderately interactive with pH (0.16), with the positive effects of Thelephora being
strongest at mid levels of burn severity and pH. Thelephora was also moderately
dependent on interactions with the RA of Pezoloma (0.16) with low levels of Thelephora
having the most positive effect on seedling growth when coupled with high levels of
Pezoloma. The effect of pH was moderately dependent on interaction, (0.15), and was
most dependent on the RA of Russula (0.25), with lower pH being correlated with higher
seedling growth when there were high levels of Russula.

The final random forest algorithm for lodgepole pine seedlings explained 51.59%
of the variance in growth with a RMSE of 2.56, compared to a standard deviation of
97.69 g and a range of 532.36 g biomass. The features retained in the final model in order
of importance were: site (RMSE=9.10, 95% CI [7.95,10.63]), burn severity
(RMSE=4.58, 95% CI [3.98, 4.71]), Suillus (comprised of 15 OTUs, largely dominated
by OTU20, then OTU32)(RMSE=4.05, 95% CI [3.79, 4.77]), Cadophora (comprised of
14 OTUs, OTU625 accounts for slightly under 50% by RA, with the remaining half codominated by OTU246 and 3191) (RMSE=3.66, 95% CI [4.02, 4.49]), Thelephora
(comprised of 3 OTUs, >99% is OTU2) (RMSE=3.73, 95% CI [3.36, 4.17]),
Meliniomyces (comprised of 23 OTUs, OTU465 accounts for roughly a third by RA,
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followed by OTUs 451, 26, & 1628) (RMSE=3.45, 95% CI [3.29, 3.65]), pH
(RMSE=3.32, 95% CI [2.99, 3.29]). Variable importance and partial dependence plots for
lodgepole pine seedlings can be found in Figure 5. Interaction strengths of individual
variables for lodgepole pine seedlings can be found in Table 4, and graphs showing the
strongest variable interactions can be found in Figure 6. Increasing burn severity, and
RAs of Suillus, Meliniomyces, and Russula all had a general positive correlation while
increasing pH and RAs of Cadophora and Thelephora had a negative correlation with
lodgepole pine seedling growth. Site had an interactive strength of 0.23, with roughly
equal dependence on all other features. The effect of burn severity had an interactive
strength of 0.18, being most strongly dependent on Thelephora (0.17), with higher levels
of burn severity having a stronger positive effect when combined with lower levels of
Thelephora. Although the effects of Suillus were not strongly dependent on interactions
(0.11), Suillus was most dependent on pH (0.13), and had the strongest positive effect on
biomass at low pH.

The final random forest algorithm for white spruce explained 28.58% of the
variance with and RMSE of 2.07, compared to a standard deviation of 6.18 and a range of
35.70 g. The variables retained in the order of importance were: site (RMSE=6.94, 95%
CI [6.26, 8.97]), Amphinema (comprised of 22 OTUs, largely dominated by OTU7)
(RMSE=4.82, 95% CI [4.26,5.06]), Meliniomyces (comprised of 19 OTUs, roughly
equally dominated by OTU465, 6, and 8) (RMSE=3.90, 95% CI [3.60, 3.97]),
Phialocephala (comprised of 4 OTUs, >99% by RA were OTU5) (RMSE=3.90, 95% CI
[3.41,4.17]), Cadophora (comprised of 15 OTUs, roughly half by RA were OTU246, and
the remaining half was co-dominated by OTU625 and 368) (RMSE=3.80, 95% CI
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[3.12,4.03]), burn severity (RMSE=3.58, 95% CI [3.31,3.64]), and pH (RMSE=3.44,
95% CI [3.11,3.51]). Variable importance and partial dependence plots for white spruce
seedlings can be found in Figure 7. Interaction strengths of individual variables for white
spruce seedlings can be found in Table 5, and graphs showing the strongest variable
interactions can be found in Figure 8. Increasing RAs of Amphinema, Meliniomyces, and
Cadophora had a general positive relationship, while increasing RAs of Phialocephala
had a general negative relationship with predicted white spruce seedling growth.
Seedlings tended to have more growth at mid-high burn severity, and mid to lower pH.
Site had the strongest interactive value (0.26) and was most strongly interactive with
Amphinema (0.14) and Phialocephala (0.13). While increasing RAs of Amphinema were
associated with higher growth at all sites, and Phialocephala with lower growth at all
sites, the strength varied across sites. The relationship with Amphinema on growth also
had a relatively high interactive value (0.22) and was most strongly interactive with site
(0.15), RA of Cadophora (0.15) and Meliniomyces (0.13), as well as pH (0.13).
Phialocephala had an interactive strength of 0.18, and was most strongly interactive with
levels of Cadophora (0.19) and Meliniomyces (0.19). Burn severity also had an
interaction strength of 0.17, and was most strongly dependent on interactions with
Meliniomyces (0.30), with higher levels of burn severity having the strongest positive
relationship when coupled with high levels of Meliniomyces.

103
Discussion
Key findings

Our results provide a real world example of how plant-fungal relationships
influence ecosystem response to ongoing climate change and the biotic and abiotic
dependencies of these associations on context. Our random forest models had RMSE
scores much lower than the standard deviation for each host and explained a large portion
of the variance in growth for aspen, lodgepole pine, and white spruce, suggesting good
model fit and predictive power. Our random forest model for black spruce only explained
18% of the variance in growth, but this could be due to the fact that all sites were
dominated by black spruce prior to fire, and therefore all had environmental conditions
that favor this species, as well as to the fact that black spruce had the least growth and
variance of all hosts examined. With the exception of Thelephora, an ECM fungus on
lodgepole pine, and Cadophora, a DSE fungus, on white spruce, fungi within a particular
guild had similar relationships with predicted growth across all host species. This
provides an example of biotic context dependency where the identity of the host and
fungus can determine outcome for the host. ERM fungi were the only guild to have
universally positive relationships with predicted host growth, suggesting their
associations with ECM hosts are generally beneficial to regenerating tree seedlings after
fire, supporting the idea of ericaceous shrubs as ‘nurse plants’ or inoculum hubs (Castro,
Zamora, Hódar, & Gómez, 2002; Gómez-Aparicio et al., 2004; Hewitt, Chapin,
Hollingsworth, & Taylor, 2017). The magnitude of effects of some fungal genera on
predicted host growth were dependent on interactions with other fungal genera included
in the model, exemplifying another form of biotic context dependency. Abiotic context
dependency also occurred, most commonly with burn severity. The fifteen most abundant
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fungal taxa were similar across hosts, leading to overlap in fungal genera deemed
important in predicting growth across hosts, but there was at least one distinct fungal
genus predictor on each host. This demonstrates that certain fungal genera are more
important than others when a host is colonized by a diverse suite of fungi. Below, we
discuss the host growth response to fungal genera by fungal guild, and discuss both
abiotic and biotic context dependency within each category. It is important to note that
we did not directly manipulate fungal communities, and patterns discussed below are
correlations.

Relationships of ECM fungi with predicted host growth and context dependency

`

Interestingly, the most important ECM fungal genus was different for each host,

demonstrating the importance of host by fungal identity for host outcome. Thelephora
and Russula were the only EMF genera to be considered important on more than one
host, and both were important for predicting growth of black spruce and lodgepole pine.
Russula had a strongly positive relationship with predicted growth of both hosts. Russula
species form contact exploration types and are generally in close contact with substrate
where they produce phenol oxidases that mediate lignin degradation, giving them the
ability to provide nutrients to hosts from recalcitrant sources (Agerer, Schloter, & Hahn,
2000; Giltrap, 1982; W. Wang, Li, Wang, & Zu, 2014). Conversely, Thelephora had a
positive relationship with black spruce, but had a strong negative relationship with
predicted growth of lodgepole pine. All sites in this study were black spruce stands prior
to fire, and the region has been dominated by black spruce for the past 6,000-10,000
years, while there have been no native pines in Interior Alaska for ~10,000 years (Chapin,
Oswood, Van Cleve, Viereck, & Verbyla, 2006). On black spruce, Thelephora consisted
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of a single OTU, OTU2 - T. terrestris, and this OTU made up nearly all (>99%) of the
RA of Thelephora on lodgepole pine. The contrasting relationships of Thelephora with
native black spruce, and non-native lodgepole pine, could be interpreted as evidence of
local adaptation, and supports the theory of ongoing co-evolution (Hoeksema, 2010; Rúa
et al., 2016, 2018). In its native range, Thelephora is a common associate of lodgepole
pine (Garcia, Smith, Luoma, & Jones, 2016 and citations within); however, this particular
Thelephora lineage has likely been associating with black spruce for thousands of years,
while lodgepole is new to this ecosystem. This is in agreement with previous studies that
found local adaptation of both AMF and EMF, where sympatric associates result in
increased plant growth compared to allopatric associates (Rúa et al., 2016, 2018).

We found that the magnitude of relationship of Thelephora to black spruce and
lodgepole pine growth was moderately dependent on interactions with burn severity. In a
greenhouse study, the benefits of inoculation by a single ECM fungal species,
Rhizopogon occidentalis, on Pinus muricata seedling growth was greatest when
combined with treatments of heat or added ash (Peay, Bruns, & Garbelotto, 2010).
Thelephora was most beneficial to black spruce and most detrimental to lodgepole pine at
mid-high burn severity on our PCA axis, corresponding to high-very high burn severity in
our study. This suggests that the competitive benefits Thelephora may confer to black
spruce over lodgepole pine are strongest after high severity burns. It is worth noting that
the positive effect of Thelephora on black spruce growth was also moderately dependent
on interactions with pH. There was a clear optimum pH at mid level scores for the PCA
axis associated with pH, and a marked decline in magnitude at higher pH levels.
Thelephora terrestris, the dominant species in this study, is a common EMF in early
successional environments; they have a rhizomorph-forming medium distance
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exploration type, allowing them to scavenge for and transport nutrients long distances
(Reinhard Agerer, 2001; Visser, 1995). Thelephora has been reported to be nitrophilic,
which could be related to its high abundance following fire (Lilleskov, Hobbie, & Fahey,
2002). Overall, these results demonstrate that context dependency is significant in a
complex field scenario, not only in simple greenhouse studies.

Lodgepole pine interacted with several native fungal genera, most of which had
positive relationships with predicted growth, suggesting that lodgepole success may not
be limited by availability of beneficial fungi. On the other hand, pine-specific Suillus was
the most important fungal genus for predicting growth of lodgepole pine seedlings. This
provides further evidence for the importance of particular plant-fungus combinations. The
strong positive relationship with non-native Suillus, along with the negative relationship
with native Thelephora, provide a potential mechanism underlying the observation that
invasive pines tend to associate with their co-invasive fungi more frequently, even when
compatible with fungi in the native range (Dickie, Bolstridge, Cooper, & Peltzer, 2010).
Suillus was not strongly dependent on interactions with environmental conditions,
suggesting a positive relationship on the non-native host regardless of site conditions,
although the magnitude of the effect of Suillus on predicted growth increased with burn
severity. In a previous study, we found non-significant increases in Suillus RA with
increasing burn severity. Burn severity was the strongest predictor after site for growth of
lodgepole pine, and growth had a steep positive partial dependence on increasing burn
severity. These results combine to demonstrate how increases in fire severity could speed
up continuing migration of lodgepole pine and its fungi toward the region, and could
drastically increase the chances of pine and Suillus escapes from plantations within the
region. This is in congruence with several other studies on different continents that have
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recognized the importance of both fire and suilloid fungi in pine expansion and invasion
(Edwards et al., 2015; Franzese & Raffaele, 2017; Nuñez et al., 2017; Policelli et al.,
2019). One of the Suillus species in this study, OTU32, was identified as Suillus
tomentosus, which hosts nitrogen fixing bacteria in its tuberculate structures (Paul,
Chapman, & Chanway, 2012). In sites where its association with lodgepole pine have
been studied, this bacterium contributed a substantial amount of the ecosystem nitrogen
(Paul, Chapman, & Chanway, 2007). The fire facilitated co-spread of lodgepole pine and
Suillus tomentosus into the region could dramatically alter nitrogen dynamics in this
strongly nitrogen limited boreal forest, providing a powerful example of mycorrhizal
associations influencing ecosystem response to climate change.

Relationships of ERM fungi with predicted host growth and context dependency

Conventionally, ERM fungi were assumed to be restricted to forming mycorrhizas
with plants in the Ericaceae (Smith & Read, 2008a), but advances in sequencing
technology have made it increasingly common to identify ERM fungi on the roots of nonericaceous host plants (e.g. Bent, Kiekel, Brenton, & Taylor, 2011; Bergero, Perotto,
Girlanda, Vidano, & Luppi, 2000; Chambers Susan M., Curlevski Nathalie J.A., &
Cairney John W.G., 2008; Perotto, Girlanda, & Martino, 2002). Colonization of ECM
hosts by ERM fungi can produce morphologies ranging from the typical ERM hyphal
coils in epidermal root cells, to formation of a loose Hartig net and mantle indicative of
ectomycorrhizas, to a full, well developed mantle and Hartig net. The latter morphology
resulted in the classification of the fungus Meliniomyces bicolor as forming both ERM
and ECM depending on host (Perotto, Daghino, & Martino, 2018; Rice & Currah, 2005;
Vralstad, Fossheim, & Schumacher, 2000). The wide niche breadth of ERM fungi is
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further demonstrated by the recent observation that Oidiodendron maius can function as a
free-living soil saprotroph in addition to forming ERM with host plants (Rice & Currah,
2006). Reflecting their wide niche diversity, ERM fungi have retained a much larger suite
of CAZymes compared to AM and ECM fungi, resulting in an enzymatic profile more
similar to saprotrophs and pathogens than to other mycorrhizal fungal groups (Knapp et
al., 2018; Perotto et al., 2018). It was originally hypothesized that ERM had simply not
yet lost most of their CAZyme gene families due to their more recent evolution compared
to AMF and EMF; however, more recent theory suggests they have evolved to maintain
varied ecological niches (Perotto, Daghino, & Martino, 2018 and references within).
Although their benefits to ericaceous hosts, which generally occupy nutrient poor sites
high in organic and recalcitrant material, are clear (Read, Leake, & Perez-Moreno, 2004),
the enzymatic suite and apparent lack of specialization in ERM, naturally leads to
questions about their benefit to non-ericaceous hosts occupying environments with
greater nutrient availability. Despite repeated observation of these fungi across a large
diversity of plant hosts, evidence for their effects on non-ericaceous hosts are scant. Our
results provide an example of positive relationships of ERM fungi with aboveground
growth across conifer hosts. For example, Pezoloma was an important predictor of black
spruce growth, and Meliniomyces was a positive predictor for white spruce and lodgepole
pine. The observation of increased predicted plant growth at optimum burn severity was
moderately dependent on interactions with ERM fungi RA on all conifer hosts. In all of
these interactions, the optimum burn severity was more beneficial with increasing RAs of
the ERM fungus. Similar to the effects of EMF, and again in congruence with Peay et al.
2010, ERM fungi enhanced the benefits of optimum burn severity for respective hosts.
ERM fungal genera were moderately dependent on the RA of other fungal genus
predictors: Increasing RA of ERM fungi on coniferous hosts offset the negative
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relationship of the DSE fungal genus Phialocephala on predicted growth, and on black
spruce seedlings, Pezoloma was more beneficial when paired with high RAs of the EMF
genera Thelephora and Russula. This suggests potential synergism between positive
fungal associates on host growth, and that fungal diversity could offset the effects of
detrimental fungal associates.

Many shrubs can vegetatively resprout following fire, giving them a competitive
head start over tree seedlings. This lead to hypotheses that they restricted reforestation in
mediterranean, temperate, and boreal forest ecosystems, resulting in management
strategies including the removal of shrubs following fire (Balandier, Collet, Miller,
Reynolds, & Zedaker, 2006; Bohlman, North, & Safford, 2016; Bohlman et al., 2016;
Zhang, Webster, Powers, & Mills, 2008). In contrast, there is also evidence that shrubs
may serve as nurse plants for tree seedlings after fire, and furthermore, as hubs of fungal
inoculum for later regenerating mycorrhizal tree seedlings (Castro et al., 2002; Cullings,
Vogler, Parker, & Finley, 2000; Gómez-Aparicio et al., 2004; Hewitt et al., 2017). For
example, increasing overlap in fungal composition between resprouting ericaceous shrubs
and naturally regenerating coniferous seedlings resulted in increased predicted growth of
seedlings at Arctic treeline in Alaska (Hewitt, Chapin, Hollingsworth, & Taylor, 2017).
Paired with our data, there is growing support for mutualism between ERM fungi and
ECM hosts in post-fire environments.

Relationships of DSE fungi with predicted host growth and context dependency

Despite their ubiquity, the functions of DSE have been the subject of wide debate,
with the majority consensus that they provide nutritional or stress tolerance benefits to
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hosts, but their benefits are heavily dependent on the fungus-host combination and
environmental context (Jumpponen, 2001; Knapp et al., 2018; Mandyam & Jumpponen,
2005; Newsham, 2011). Most DSE studies have been performed under controlled
greenhouse conditions, and have compared the effects of inoculating a plant with DSE to
control plants with no fungi, which is a gross simplification of what occurs in nature. We
found mostly negative effects of DSE on growth, and one host-fungus combination that
was positive. Phialocephala had a negative relationship with predicted growth for all
native hosts, but we found divergent relationships for Cadophora, which was determined
to be important for predicted growth of aspen, lodgepole pine, and white spruce.
Cadophora only had a positive relationship with white spruce seedlings. Interestingly,
and in congruence with previous studies that found strains of DSE to be important in
determining host outcome, the majority of the RA of Cadophora on aspen and lodgepole
pine was comprised of OTU625, while the the largest RA of Cadophora on white spruce
was OTU246. A meta-analysis examining plant performance in response to eight types of
symbiosis found that association with DSE was the riskiest, with a 47% chance of
negative response (Newsham, 2011). Demonstrating this riskiness, Tellenbach et al. 2011
found that Phialocephala fortinii had negative effects on Norway spruce survival and
performance, with virulence varying among strains, while Albertson et al. 2010 found
positive effects of P. fortinii on Scotts pine root biomass, but only under elevated CO2
(Alberton, Kuyper, & Summerbell, 2010; Tellenbach, Grünig, & Sieber, 2011). Our
results illuminate the effects of DSE in a natural setting, where hosts are colonized by
multiple fungi. We found that higher RAs of DSE generally result in lower predicted
growth of seedlings compared to those with greater RAs of EMF or ERM. It is important
to note that we did not examine root biomass, and could have underestimated host growth
in cases where root:shoot ratio was higher than average.
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Relationship of environmental conditions with predicted host growth

Site was the most important feature in all four host growth models, suggesting
there were effects of site that we did not measure, or that were correlated with PCA axes
not included in the models. The measured variables that were most important in
determining site differences in our study were burn severity, and pH, which were
represented in our PCA axes. Of the two PCA axes we did include in our models, burn
severity was generally more important than pH. This could be attributed to several fireinduced changes to soil properties that could affect the conferred benefit of mycorrhizal
fungi, including impacts on soil moisture, texture, temperature, and perhaps, most
importantly, soil nutrient availability (Certini, 2005; Neary, Klopatek, DeBano, &
Folliott, 1999). Soil characteristics are important for niche differentiation of fungi. Most
root-associated fungal species have preferred conditions for growth and colonization of a
host, and variance in soil properties, either due to fire, or naturally occuring variances in
properties like pH or temperature, can alter the enzymatic capabilities of fungi since
many enzymes have narrow optima (Crowther et al., 2014 and references within). In
addition to altering soil properties, fires reduce the abundance and diversity of fungi
available to colonize hosts, and, as demonstrated in our study, can affect the magnitude of
benefits conferred by the fungi that are available (Baar et al., 1999; Buscardo et al., 2010;
Dahlberg, 2002; Glassman et al., 2016).

Conclusions
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Our models illuminate the importance of mycorrhizal fungi in mediating
ecosystem responses to ongoing climate change in the form of increasing fire severity
and introduction of non-native species. Our results support the conclusion of Kivlin et al.,
who advocated the need to consider plant-fungal symbioses when predicting response to
climate change induced elevated CO2, drought, warming, and N deposition. We show
that for all native host species in our study, fungi were more important predictors of
growth than individual environmental variables and, therefore, are likely important in
influencing aboveground successional trajectories following fire. In a previous study, we
found significant increases in ERM fungi, and significant decreases in P. fortinii with
increasing burn severity, suggesting fire induced shifts in mycorrhizal fungi reflect
changes that could result in increased of growth conifer seedlings (DeVan et al. in prep).
Contrastingly, our previous study found strong and significant declines in Thelephora
terrestris, OTU2, with increasing burn severity. Black spruce typically self-replace
following lower severity fires and declines in fungi that are beneficial to their growth
could augment the observed shifts from dominance of black spruce toward deciduous
dominance following the highest severity fires in the region. The direction and
magnitude of growth relationships with plant-fungal associations were dependent on both
the identity of the partners, and the abundance of other fungi on a host, and these biotic
dependencies were more common than dependence on abiotic environmental conditions.
These results highlight the complexity of mycorrhizal associations, and call for
manipulative experiments to more directly assess the impacts of different combinations of
native fungi, including atypical mycorrhizal species, under realistic field conditions.
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Chapter 2 tables
Table 1. The mean, minimum, maximum, and standard deviation of oven-dried biomass
(in g) of new growth for each host species.
Host:

Min

Max

Mean

sd

aspen

0.082

37.200

4.980

7.200

black spruce

0.100

40.300

4.500

5.620

lodgepole pine

0.100

532.455

50.180

97.692

white spruce

0.100

35.800

5.535

6.177

Table 2. The interaction stengths for each feature retained in the model for predicting
aspen seedling growth (in g). The overall dependence of the effect of feature on aspen
growth is in the overall row, and the pairwise interaction strengths can be found by
alignining the feature column with the appropriate feature row.
Feature
Cadophora

Site

Burn severity

Phialocephala

Inocybe

Cadophora

-

0.232

0.200

0.240

0.132

Site

0.149

-

0.086

0.170

0.084

Burn severity

0.138

0.086

-

0.121

0.055

Phialocephala

0.193

0.165

0.120

-

0.130

Inocybe

0.186

0.067

0.090

0.140

-

Overall

0.250

0.248

0.173

0.165

0.067

Dependence on:
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Table 3. The interaction stengths for each feature retained in the model for predicting
black spruce seedling growth (in g). The overall dependence of the effect of feature on
aspen growth is in the overall row, and the pairwise interaction strengths can be found by
alignining the feature column with the appropriate feature row.
Feature
Penicillium

Russula

pH

Pezoloma

Burn severity

Thelephora

Phialocephala

Site

Dependence on:
Site

-

0.012

0.093

0.089

0.155

0.084

0.105

0.084

Phialocephala

0.100

-

0.103

0.149

0.169

0.099

0.059

0.089

Thelephora

0.094

0.154

-

0.277

0.181

0.136

0.062

0.057

Burn severity

0.093

0.099

0.253

-

0.215

0.246

0.156

0.181

Pezoloma

0.089

0.169

0.162

0.188

-

0.066

0.159

0.073

pH

0.083

0.093

0.160

0.246

0.086

-

0.222

0.077

Russula

0.081

0.094

0.069

0.229

0.186

0.281

-

0.105

Penicillium

0.065

0.108

0.064

0.108

0.073

0.085

0.202

-

Overall

0.239

0.196

0.189

0.177

0.151

0.149

0.103

0.097
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Table 4. The interaction stengths for each feature retained in the model for predicting
lodgepole pine seedling growth (in g). The overall dependence of the effect of feature on
aspen growth is in the overall row, and the pairwise interaction strengths can be found by
alignining the feature column with the appropriate feature row.
Feature

Site

Burn severity

Cadophora

Meliniomyces

pH

Thelephora

Suillus

Russula

Site

-

0.085

0.112

0.053

0.103

0.073

0.079

0.050

Burn severity

0.085

-

0.115

0.055

0.106

0.125

0.068

0.069

Cadophora

0.091

0.124

-

0.085

0.076

0.086

0.137

0.084

Meliniomyces

0.054

0.089

0.085

-

0.070

0.120

0.069

0.203

pH

0.103

0.106

0.112

0.068

-

0.079

0.133

0.082

Thelephora

0.073

0.166

0.063

0.148

0.093

-

0.077

0.063

Suillus

0.062

0.077

0.110

0.075

0.077

0.077

-

0.089

Russula

0.052

0.062

0.088

0.203

0.068

0.085

0.089

-

Overall

0.236

0.177

0.142

0.126

0.121

0.113

0.112

0.093

Dependence on:
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Table 5. The interaction stengths for each feature retained in the model for predicting
white spruce seedling growth (in g). The overall dependence of the effect of feature on
aspen growth is in the overall row, and the pairwise interaction strengths can be found by
alignining the feature column with the appropriate feature row.
Feature

Site

Amphinema

Phialocephala

Burn severity

Meliniomyces

pH

Cadophora

Site

-

0.153

0.128

0.095

0.072

0.043

0.100

Amphinema

0.140

-

0.107

0.126

0.135

0.145

0.128

Phialocephala

0.128

0.061

-

0.117

0.186

0.099

0.272

Burn severity

0.095

0.107

0.113

-

0.288

0.223

0.072

Meliniomyces

0.053

0.125

0.186

0.305

-

0.066

0.299

pH

0.060

0.124

0.088

0.223

0.057

-

0.226

Cadophora

0.074

0.129

0.193

0.074

0.0299

0.214

-

Overall

0.264

0.225

0.177

0.175

0.131

0.127

0.120

Dependence on:
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Chapter 2 figures

Figure 1. Importance of retained features in predicting aspen seedling growth (in log(g))
and the partial dependence of aspen seedling growth on the retained features. a) The
importance of each feature in the random forest model using the residual mean squared
error (RMSE) loss function. b) Shows variation in predicted biomass by site. c)
Cadophora relative abundance (RA) and d) Phialocephala RA are negatively correlated
with growth. e) Burn severity and f) Inocybe RA are positively correlated with growth.
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Figure 2. The strongest interactions for features that aspen seedling growth (in log(g))
partial dependence (p.d.) were most dependent on interactions with other features. The
negative effects of Cadophora relative abundace (RA) are: stronger when paired with
high RAs of Phialocephala RA (a), and weaker when paired with high RAs of Inocybe
(b) and high levels of burn severity (c). The positive effects of burn severity on aspen
seedling growth (in g) were: weaker when paired with high RAs of both Phialocephala
(d) and Cadophora (e), and stronger when paired with high RAs of Inocybe (f). The
negative effects of Phialocephala RA on aspen seedling growth were: stronger when
paired with high RAs of Cadophora (g), and weaker when paired with high RAs of
Inocybe (h) and high levels of burn severity (i).
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Figure 3. Importance of retained features in predicting black spruce seedling growth (in
log(g)) and the partial dependence of black spruce seedling growth on the retained
features. a) The importance of each feature in the random forest model using the residual
mean squared error (RMSE) loss function. b) Shows variation in predicted biomass by
site. Phialocephala relative abundace (RA) (c) and pH (g) are negatively correlated with
growth. Increasing Thelephora (e), Russula (f), and Pezoloma (h) RAs are correlated with
greater predicted black spruce seedling growth. Predicted seedling growth peaks at mid
levels of burn severity (d).
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Figure 4. The strongest interactions for features that black spruce seedling growth (in
log(g)) partial dependence (p.d.) were most dependent on interactions with other features.
The negative effects of Phialocephala relative abundace (RA) are: weaker when paired
with high RAs of Pezoloma (a) and Thelephora (b), and stronger when paired with high
RAs of Penicillium RA (c). The positive effects of Thelephora RA on seedling growth
were: strongest at mid levels of burn severity (d) and low pH (f), and stonger when paired
with high RAs of Pezoloma (e). The positive effects of mid levels of burn severity on
black spruce seedling growth were: stronger when paired with higher RAs of Thelephora
(g), and Russula (i), and higher pH (h).
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Figure 5. Importance of retained features in predicting lodgepole pine seedling growth
(in log(g)) and the partial dependence (p.d.) of lodgepole pine seedling growth on the
retained features. a) The importance of each feature in the random forest model using the
residual mean squared error (RMSE) loss function. b) Shows variation in predicted
biomass by site. Burn severity (c), Suillus relative abundace (RA) (d), Meliniomyces RA
(g), and Russula RA were positively correlated with seedling growth. Cadophora RA (e)
and Thelephora RA (f), and pH (h) were negatively correlated with seedling biomass.
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Figure 6. The strongest interactions for features that lodgepole pine seedling growth (in
log(g)) partial dependence (p.d.) were most dependent on interactions with other
features. The positive effects of burn severity were: weaker when paired with high
Thelephora relative abundance (RA) (a) and Cadophora RA (b), and stronger when
paired with lower pH (c). The negative effects of Cadophora RA on seedling growth
were: stonger when paired with low levels of burn severity (d) and high pH (e), and
weaker when paired with higher RAs of Suillus (f). The positive effects of Meliniomyces
RA on lodgepole pine seedling growth were: stronger when paired with higher RAs of
Russula (g), and weaker when paired with higher RAs of Thelephora (h) and Cadophora
(i).
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Figure 7. Importance of retained features in predicting white spruce seedling growth (in
log(g)) and the partial dependence (p.d.) of white spruce seedling growth on the retained
features. a) The importance of each feature in the random forest model using the residual
mean squared error (RMSE) loss function. b) Shows variation in predicted biomass by
site. Amphinema relative abundance (RA) (c), Meliniomyces RA (d), and Cadophora RA
(f) are positively correlated with seedling growth. Phialocephala RA (e) and pH (h) are
negatively correlated with seedling growth. Seedling growth was greatest at mid levels of
burn severity (g).
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Figure 8. The strongest interactions for features that white spruce seedling growth (in
log(g)) partial dependence (p.d.) were most dependent on interactions with other
features. The positive effects of Amphinema relative abundance (RA) were: stronger
when paired with high RAs of Cadophora (a) and Meliniomyces (b), and weaker when
paired with high pH (c). The negative effects of Phialocephala RA on seedling growth
were: weaker when paired with high RAs of Cadophora (d) and Meliniomyces (e), and at
mid levels of burn severity (f). The positive effects of mid levels of burn severity on
seedling growth were: stronger when paired with higher RAs of Meliniomyces (g) and
Amphinema (i), and with low levels of pH (h).

135
Chapter 2 supplemental file
We only included environmental variables that we considered important for mycorrhizal
fungi or host growth were included in our principal component analysis (PCA). Below is
a list the variables we included in our PCA, their original scale, and our justification for
their inclusion.
● Time domain reflectometry (TDR) measurements from 2006, 2008, 2011: These
measurements taken by inserting the probe at a 45 degree angle into the surface of
the mineral soil (probe length is 12 cm). The measurement from the site
represents the average of multiple measurements. In July 2006 we took
measurements at 10 points/site, in June 2008 we recorded 5 points/site, and in
June 2011, 3 points per site. We included all three years of measurement averages
in the PCA and took the average of the years to represent true moisture at a site,
since measurements were taken under different conditions. TDR is a measure of
soil moisture content (water volume).
● Latitude: Although both latitude and longitude were recorded, several burn sites
were located at similar longitudes. Latitude accounts for the location of most burn
sites, and represents some climatic variation.
● Slope degrees: Steepness of slope is important in determining drainage, and hence
moisture. At northern latitudes, slope is also important in determining amount of
sunlight received.
● Heat load: A unitless index of heat load, which was calculated from the empirical
equations in McCune and Keon 2002 (McCune & Keon, 2002). The formula is:
ln(heatload)=-1.236+1.350*COS(lat)*COS(slope)1.376*COS(aspect)*SIN(slope)*SIN(lat) -0.331*SIN(lat)*SIN(slope)
+0.375*SIN(aspect)*SIN(slope). In this formula, slope has been converted to
folded slope. Heat load should have an effect on both host growth and soil
temperature.
● pH: Plants have a preferred pH and it is important for host growth by influencing
nutrient availability. Additionally, pH influences fungal growth, colonization, and
affects enzyme function (Mahmood, 2003).
● Texture class: Since soil texture is important for nutrient availability and drainage,
it should influence both plant and fungal growth.
● Burn date (julian): The time of year that a site burns can affect burn severity due
to changing environmental conditions between early and late summer.
● Canopy consumption: This number represents the estimated percent of canopy
consumption by fire. These values are based on unpublished allometric equations
for canopy biomass components estimated from basal diameter (Boby,
unpublished data).
● Total composite burn index (CBI): CBI was developed as a method to visually
estimate ecological effects of fire (Key & Benson, 2006). The scale ranges from
0-3: 0.0 = no effect, 0.5-1.0 = low burn severity, 1.5-2.0 = moderate burn severity,
2.5-3.0 = high burn severity.
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● Residual organic matter: Residual (postfire) organic layer depth (cm), measured at
11 random points per site in 2006 (Boby unpublished data). Missing data for
DC33 and BF92 filled in by Jill Johnstone in 2007. Residual organic layer depth
is important for seed beds for plants, and organic matter affects soil conditions
and creates a different niche than mineral soil for mycorrhizal fungi.
● Prefire organic matter: Estimated pre-fire depth of the organic layer (cm) based on
post-fire depth that was corrected using adventitious root data (Boby, unpublished
data). Organic matter affects soil conditions and different depths could influence
the pre-fire mycorrhizal fungal community and deeper organic matter provides
more insulation during fire. Pre-fire organic matter soil depth also reflects the
potential dominance of black spruce pre-fire.
● Post soil organic nitrogen (SON): SON is the total post-fire nitrogen pool from
the organic soil layer (kg*m-2). This value was calculated from remaining organic
layer depths, burn site bulk densities, and nitrogen concentrations for different soil
layers.
● Proportion of black spruce density: Proportion of pre-fire stand density that was
black spruce. This represents the pre-fire dominance of black spruce which could
reflect fungal community composition pre-fire.
● Proportion black spruce basal area: Percent of pre-fire basal area represented by
black spruce. Provides a secondary measure of pre-fire black spruce dominance.
● Estimated distance to burn edge: These values represent a rank of distance to the
nearest live black spruce stand (>100 trees), which could indicate the nearest
source of fungal inoculum to each site. 0= 0 to 49m, 1= 50 to 99m, 2=100 to 199
m, 3=200 to 399 m, 4=400 to 799 m, 5=800 to 1599 m, 6=1600 to 2999 m, and
7=3000 m or greater.
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Chapter 2 supplemental file tables
Table S1. Number of OTUs and their relative abundance (RA) by Phylum for each host
aspen

black spruce

lodgepole pine

white spruce

Phylum

OTUs

RA

OTUs

RA

OTUs

RA

OTUs

RA

Ascomycota

568

73.42%

755

62.31%

745

59.01%

737

66.47%

Basidiomycota

372

26.54%

477

37.63%

438

40.93%

464

33.48%

Chytridiomycota

6

>0.01%

3

>0.01%

10

>0.01%

5

>0.01%

Entorrhizomycota

0

NA

NA

1

>0.01%

0

NA

Glomeromycota

1

>0.01%

6

>0.01%

4

>0.01%

5

>0.01%

Monobelpharomycota

1

>0.01%

0

NA

1

>0.01%

1

>0.01%

Mortierellomycota

21

0.02%

30

0.04%

36

0.03%

27

0.03%

Mucoromycota

10

0.01%

20

0.02%

26

0.01%

21

0.02%

Rozellomycota

4

0.01%

16

>0.01%

15

>0.01%

17

>0.01%
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Table S2. Number of OTUs and their relative abundance (RA) by guild for each host.
aspen

lodgepole
pine

white spruce

RA

OTUs

RA

OTUs

RA

OTUs

RA

OTUs

guild

black spruce

Animal Pathogen

4

>0.01%

9

>0.01%

7

>0.01
%

7

0.01%

Arbuscular mycorrhizal

1

>0.01%

6

>0.01%

4

>0.01
%

5

>0.01
%

Ectomycorrhizal

158

27.58%

187

42.49%

166

42.05
%

180

37.22
%

Endophyte

26

8.85%

30

10.12%

29

14.22
%

28

11.32
%

Ericoid Mycorrhizal

65

55.16%

86

36.14%

79

31.52
%

70

36.81
%

Fungal Parasite

2

>0.01%

6

>0.01%

4

>0.01
%

5

>0.01
%

Lichenized

1

0.10%

1

>0.01%

2

>0.01
%

5

>0.01
%

multiple

114

1.97%

152

2.76%

146

3.73%

144

5.27%

Plant pathogen

14

0.02%

20

>0.01%

17

0.01%

18

0.01%

Saprotroph

146

1.65%

197

2.52%

206

2.43%

195

2.29%

unknown

452

4.67%

612

5.96%

616

6.02%

620

7.07%
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Table S3. Most abundant genera by relative abundance (RA) for aspen seedlings. OTUs
lists the number of OTUs assigned to the genus, RA is relative abundance of the genus
across all aspen seedlings, and frequency is the percentage of seedlings the genus occurs
on (n=103).
Genus

OTUs

RA

frequency

Pezoloma

11

49.82%

100.00%

Thelephora

1

5.76%

90.29%

Meliniomyces

16

5.04%

97.09%

Phialocephala*

5

4.92%

99.03%

Cadophora*

12

3.76%

98.06%

Russula

16

3.5%

75.73%

Cenococcum

6

3.41%

66.99%

Inocybe*

14

2.74%

38.83%

Amphinema

1

2.05%

78.64%

Tomentella

14

2%

36.89%

Clavulina

4

1.85%

14.56%

Hebeloma

15

1.76%

50.49%

Serendipita

26

0.92%

54.37%

Lachnum

1

0.9%

50.49%

Piloderma

8

0.7%

63.11%
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Table S4. Most abundant Genera by relative abundance (RA) for black spruce seedlings.
OTUs lists the number of OTUs assigned to the genus, RA is relative abundance of the
genus across all black spruce seedlings, and frequency is the percentage of seedlings the
genus occurs on (n=111). *fungal genera kept in the final model.
Genus

OTUs

RA

frequency

Pezoloma*

15

26.71%

99.11%

Thelephora*

1

12.96

95.54%

Meliniomyces

22

8.7

99.11%

Phialocephala*

4

8.02

99.11%

Amphinema

16

4.44

83.93%

Cenococcum

9

3.98

73.21%

Penicillium*

15

3.65

78.57%

Piloderma

14

3.18

74.11%

Wilcoxina

8

2.89

41.96%

Tomentella

17

2.87

48.21%

Cadophora

15

2.54

96.43%

Hebeloma

15

2.2

33.93%

Hygrophorus

5

2.13

41.96%

Russula*

20

1.83

58.04%

Cortinarius

16

1.55

31.25%

141
Table S5. Most abundant Genera by relative abundance (RA) for lodgepole pine
seedlings. OTUs lists the number of OTUs assigned to the genus, RA is relative
abundance of the genus across all lodgepole pine seedlings, and frequency is the
percentage of seedlings the genus occurs on (n=117). *fungal genera kept in the final
analysis.
Genus

OTUs

RA

frequency

Pezoloma

13

0.24

100.00%

Thelephora*

3

0.12

94.02%

Phialocephala

4

0.12

99.15%

Suillus*

14

0.11

78.63%

Meliniomyces*

23

0.07

97.44%

Amphinema

14

0.05

84.62%

Piloderma

11

0.03

69.23%

Cadophora*

14

0.03

99.15%

Wilcoxina

8

0.02

39.32%

Penicillium

14

0.02

74.36%

Hebeloma

11

0.02

42.74%

Cenococcum

7

0.02

74.36%

Russula

16

0.01

52.99%

Chalara

7

0.01

56.41%

Serendipita

30

0.01

58.97%
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Table S6. Most abundant genera by relative abundance (RA) for white spruce seedlings.
OTUs lists the number of OTUs assigned to the genus, RA is relative abundance of the
genus across all white spruce seedlings, and frequency is the percentage of seedlings the
genus occurs on (n=117). *fungal genera kept in the final model.
Genus

OTUs

RA

frequency

Pezoloma

12

31.02

99.12%

Thelephora

1

10.45

96.49%

Amphinema*

22

8.68

93.86%

Phialocephala*

4

8.68

99.12%

Meliniomyces*

19

7.47

97.37%

Chalara

7

3.66

59.65%

Cenococcum

8

3.35

78.07%

Cadophora*

15

3.27

92.11%

Penicillium

12

3.26

72.81%

Piloderma

13

2.83

71.93%

Wilcoxina

8

2.54

31.58%

Tomentella

16

2.11

41.23%

Russula

17

1.4

50.00%

Mycena

10

1.17

64.04%

Hygrophorus

3

1.1

38.60%
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Table S7. Features deemed important for each host by both Boruta and MUVR packages
in R.

MUVR
Boruta
MUVR
Boruta
MUVR
Boruta
MUVR
Boruta

white spruce
lodgepole pine
black spruce
aspen

variable selection package

Phialocephala

Cadophora

burn severity

Amphinema

Amphinema

Russula

Penicillium

Meliniomyces

pH

Meliniomyces

burn severity

Pezoloma

pH

Russula

Thelephora

site

pH

burn severity

burn severity

Suillus

Suillus

burn severity

Phialocephala

pH

Thelephora

Thelephora

Cadophora

pH

Cadophora

Pezoloma

site

Meliniomyces

Penicillium

Cadophora

burn severity

Phialocephala

Site

Phialocephala

Piloderma

Inocybe

burn
severity

pH
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Chapter 2 supplemental file figures

Figure S1. PCA of environmental variables. Residual organic matter and total CBI were
the variables most strongly correlated with axis 1, and pH and proportion of black spruce
as the most strongly correlated variables with axis 2.
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CHAPTER 3

Arctic fungal community composition response to warming is host and
depth specific

DeVan, M. Rae, Hewitt, Rebecca E., Mack, Michelle M, Taylor, D. Lee

Introduction

Nearly half of the belowground organic carbon pool is contained in northern
ecosystems (Tarnocai et al., 2009), which are warming at twice the rate compared to the
rest of the globe (Schädel et al., 2018, Osborne et al. 2018). The fate of this carbon with
warming is expected to influence global climate (Chapin et al., 2000; Huang et al., 2017).
Experimental warming has resulted in increases in ectomycorrhizal (ECM) shrub biomass
(primarily Betula nana and Salix species) at the expense of graminoid tundra, and either
loss or stasis of ericoid mycorrhizal (ERM) evergreen shrubs as evidenced by repeat
photographic observations and dendrochronology studies in the circumpolar Arctic
(Moffat, Lantz, Fraser, & Olthof, 2016; Myers-Smith et al., 2011). Thus far, increases in
ectomycorrhizal (ECM) shrub biomass have resulted in increased net carbon storage in
the Arctic (Sistla et al., 2013). However, a continuing trend of increasing plant
productivity and ecosystem carbon storage will depend on the ability of plants to access
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nitrogen (N), the limiting nutrient in the ecosystem (Hobbie, Nadelhoffer, & Högberg,
2002). Most arctic plants acquire the majority of their nitrogen and other soil nutrients via
mycorrhizal fungi rather than through direct root uptake (Hobbie et al., 2009).
Mycorrhizal fungi have superior enzymatic abilities and can gain access to recalcitrant N
that is otherwise unavailable to plants, and they are better able to compete with other soil
fungi and microbes that can rapidly immobilize labile N in the system (Clemmensen,
Sorensen, Michelsen, Jonasson, & Ström, 2008; Smith & Read, 2008a). Species and
guilds of mycorrhizal fungi vary in the benefits conferred to hosts, enzymatic capabilities,
and hyphal recalcitrance thus, taxonomic or functional shifts are likely to have important
ecosystem consequences.

Warming studies across the Arctic have found conflicting evidence for the effect
on fungal communities. Woody deciduous shrubs, Salix arctica and S. herbacea L. x S.
polaris, increased in biomass after 5-7, and 10-11 years, of warming treatments in the
Swedish and Canadian Arctic, respectively, that were linked to increases in fungal
biomass and turnover (Clemmensen, Michelsen, Jonasson, & Shaver, 2006; Fujimura,
Egger, & Henry, 2008). However, neither Fujimura et al. nor Clemmensen et al. detected
shifts in fungal community composition with warming. Deslippe et al. also found
significant increases in ectomycorrhizal (EMF) fungal biomass associated with Betula
nana in the same plots as the present study, in Alaska, and attributed this to increased
belowground carbon allocation. In contrast, this group found large shifts in community
composition towards fungi with higher proteolytic capabilities and a decline in fungi
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preferring labile N sources after 18 years of warming (Deslippe, Hartmann, Mohn, &
Simard, 2011). These results lead Timling and Taylor to suggest fungi are slower to
respond to warming than plants, but, this hypothesis omits the possibility that response of
EMF fungi to warming could be host specific, where EMF fungi on Betula nana are more
sensitive to warming than those associated with Salix species (Timling & Taylor, 2012).
Furthermore, these studies characterized fungi on root tips via morpho-typing or limited
sequencing, which are unlikely to fully capture the fungal diversity. More recent work
that utilized modern sequencing techniques found differential responses of soil fungal
functional groups to warming between moist and dry tundra sites in Alaska (Geml et al.,
2015). They found stronger fungal community responses in moist tundra, that were
suggested to favor ectomycorrhizal shrubs, mirroring the stronger aboveground host
response of Betula nana in these sites compared to dry tundra. In the dry tundra sites,
shifts in plant communities were stronger for non-ECM shrubs, which Geml
hypothesized could result in shifts in ericoid mycorrhizal (ERM) communities. Variance
across regions and continents, tundra types, host species, and sample type (roots vs soil
cores) suggest more detail is required to understand fungal response to warming. Soil
core analyses pool fungi from multiple host species and include free-living fungi. The
results of these studies suggest shifts in plant communities are the primary drivers of
fungal community change with Arctic warming, and the variance their aboveground
response is likely reflected in their mycorrhizal fungal communities. Characterizing fungi
from soil cores, or on a single host could mask or reduce true fungal community
composition shifts.
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Although evergreen ericoid shrubs are codominant with ECM deciduous shrubs
and graminoid vegetation in the arctic, and shifts in these communities have been
reported in multiple studies, the effects of these shifts are less understood and
appreciated, and virtually no work has been done to examine the effects of warming on
their fungal communities. Of the studies that do examine mycorrhizal fungal
communities associated with ericoid hosts, most have been indirect and have described
the fungi in bulk soil, rather than the fungi that are actually colonizing roots. This
distinction is important because fungi amplified from soil could be dormant, and may not
be associated with any plant hosts. A few studies of fungi isolated from ericoid roots in
other ecosystems show positive relationships between photosynthesis and fungal biomass
in hair roots estimated by ergosterol content, which was later found to be more closely
tied to dark septate endophyte (DSE) colonization than ERM colonization (Olsrud,
Carlsson, Svensson, Michelsen, & Melillo, 2010; Olsrud, Michelsen, & Wallander, 2007).
Relatedly, in Dutch heathlands, shading of Calluna vulgaris by increasing dominance of
grasses reduced mycorrhizal colonization (Hofland-Zijlstra & Berendse, 2009). The
increase in biomass of ECM shrubs in the Arctic has likely lead to increased shading of
ericoid plants, and together with these previously described studies, suggests a potential
reduction of ERM fungi with warming. Declines in ERM fungi could have major
implications for nutrient cycling. They are currently understood to have wider enzymatic
capabilities to access recalcitrant forms of nitrogen compared to EMF and have been
demonstrated to be a primary contributor to carbon storage in boreal ecosystems through
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production of their heavily melanized hyphae that can persist in the soil for several years
(Clemmensen et al., 2013; Read, Leake, & Perez-Moreno, 2004).

Although early dogma posited that ERM fungi were restricted to associations with
plants in the Ericaceae, recent studies have highlighted the ability of ERM fungi to form
associations with a wide diversity of hosts with varying colonization morphologies
(Bergero, Perotto, Girlanda, Vidano, & Luppi, 2000; Chambers, Curlevsk, & Cairney,
2008; Hewitt, Chapin, Hollingsworth, & Taylor, 2017; Leopold, 2016). The majority of
studies documenting ERM fungi on ECM hosts are from sites where ericoid and
ectomycorrhizal hosts co-occur, suggesting that these fungi may form common
mycorrhizal networks between ERM and ECM hosts. Similarly, ericoid hosts have been
thought to form associations only with ERM fungi, but there is recent evidence of diverse
fungal assemblages associated with the hair roots of plants in Ericaceae, including DSE,
saprotrophs, and even EMF fungi, although the latter appears to be rarer than ERM fungi
in ECM hosts (Bougoure, Parkin, Cairney, Alexander, & Anderson, 2007; Smith, Molina,
& Perry, 1995; Villarreal-Ruiz, Neri-Luna, Anderson, & Alexander, 2012; Walker et al.,
2011). Prior evidence for reciprocal colonization of ericaceous and ectomycorrhizal hosts
with ERM and EMF fungi suggest that these hosts may share fungi in the Arctic, which
could bolster the resilience of fungal community composition and diversity with a
warming climate through redundancy (Allison & Martiny, 2008).
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In addition to identity of the host species, mycorrhizal fungi are structured by soil
depth. Bruns 1995 hypothesized that vertical niche partitioning was a mechanism for soil
fungal diversity. Several subsequent studies supported this hypothesis by providing
evidence of fungi that are restricted in vertical distribution. Vertical partitioning of fungi
has been attributed to changes in several characteristics with depth, including pH,
temperature, distribution of other microorganisms, plant rooting depths, and mineral
resources. Earlier studies in the same plots as the present study have demonstrated
differential effects of experimental warming on soil strata. For example, warming initially
resulted in significantly higher soil temperatures at 0-10 cm depth in summer, but
subsequent increases in shrub size resulted in greater snow depth, where more snow was
trapped under larger shrubs which resulted in increased temperatures in the deeper
mineral soil during winter that exceeded the initial direct effects on summer soil
temperature (Sistla et al., 2013). There are examples where fungal composition responded
differently to environmental variables depending on soil depth (Dumbrell, Nelson,
Helgason, Dytham, & Fitter, 2010; Jumpponen, Jones, & Blair, 2010; Smith & Read,
2008b; Taylor et al., 2014, Weber, Vilgalys, & Kuske, 2013). Differential effects of
warming by depth, along with knowledge that fungal depth stratification is partly
dependent on soil physical and biological characteristics suggests that warming could
alter vertical fungal community structure. If warming does alter vertical fungal
community structure this could have cascading effects on Arctic fungal diversity and
potentially ecosystem function.
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In this study, we used Illumina sequencing to characterize the fungal communities
on roots, by depth class, of multiple ericoid and ectomycorrhizal shrub species in control
plots and treatment plots after nearly 30 years of warming in Arctic tundra. These plots
were established in 1989 and have been studied extensively, highlighting several gaps in
our knowledge of fungal community response to long-term warming. The questions we
addressed in regards to host and depth-specific responses of fungal communities to
warming were:

1a. Do ericoid and ectomycorrhizal hosts overlap in their fungal communities?
1b. Do the fungal communities of these two host types differ in their response to
warming?
2. Do previously documented shifts in fungal community composition on Betula nana
persist?
3. Do fungal communities associated with Salix that did not show changes in composition
after shorter durations in warming shift after nearly 30 years of warming?
4. Does warming have a greater effect on fungal communities at shallower depths?
5. Is depth stratification of mycorrhizal fungi similar between ericoid and
ectomycorrhizal hosts?
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Methods and materials

Site description

The study sites were established in 1989 in moist acidic tundra comprised by
roughly equal biomass of graminoid (predominantly Eriophorum vaginatum and Carex
bigelowii), deciduous shrubs (Betula nana and Salix pulchra), evergreen shrubs
(predominantly Rhododendron tomentosum, Vaccinium vitis-idea, and Vaccinium
uliginosum), and mosses (mostly Sphagnum spp., Hylocomium splendens, Aulacomnium
turgidum) (Bret-Harte et al., 2001). The sites are located in the Toolik Lake Long Term
Ecological Research (LTER) site on a gentle (5%) north-facing slope in the northern
foothills of the Brooks Range, Alaska (68°38’N, 149°34’W, elevation 760m). The site is
underlain by continuous permafrost 250-300m thick (Osterkamp and Payne 1981). The
mean annual temperature at the site is -8°C, with mean summer temperatures of 10°C and
mean winter temperatures of -20°C. Mean annual precipitation is 318mm, but a large
proportion, 43%, falls as snow. The snow free season is generally between mid-May and
mid-September (Bret-Harte et al., 2001).

This study utilizes a warming experiment that commenced in the Spring of 1989.
The warming experiment also encompassed a fertilizer treatment and a fertilizer x

153
warming treatment not included in this study. For the warming study, permanent wooden
greenhouse frames (2.46x4.92m, 130cm high in center and 65cm at sides) were
constructed and put in place in 1988. Polyethylene siding and roof panels were installed
and removed at the beginning and end of each growing season, respectively, starting in
1989. There were four replicate control blocks and four replicate warming blocks. For
details on experimental design, see Bret-Harte et al. 2001.

Root harvesting and sorting

During August 2016, we harvested soil from all plots down to the permafrost. The
organic soil was harvested as a monolith (10 cm x 10 cm, x 20 cm deep on average).
Below the organic layer we cored soil using a 7 cm diameter core for the first 0-5 cm,
then every 10 cm until we reached ice at the permafrost boundary. From each depth of
soil (organic - permafrost) we removed all roots and rhizomes and separated them into
dead and alive, and sorted to coarse and fine (>2 mm or <2 mm). Live roots were roughly
identified to host species by eye and stereoscope. A subset of ten root segments from each
depth x tentative species pool was rinsed with water and stored in RNALater for later
molecular verification.

DNA extraction, PCR, RFLP, Illumina sequencing
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A small section of each of the ten segments was placed in Qiagen DNEasy Plant
Mini Kit lysis buffer AP1. The samples were then ground using a plastic pestle mounted
in an electric drill. 4 ul of RNase A was added to the ground samples and they were
incubated at 65°C for 10 minutes. 2 uL of proteinase K was then added, and the samples
were incubated for 4 hours at 50°C. The Qiagen DNEasy Plant Mini Kit protocol was
then followed for DNA isolation starting at step 9. 5 uL of the genomic DNA (gDNA) at
approximately 5ng/uL was used as the template in subsequent PCRs. To amplify the
entire ITS region of the plant DNA, 5uL of GoTaq Green buffer (Promega Corporation,
Madison WI), 0.5 uL 10mM deoxynucleotide triphosphates (New England Biolabs,
Ipswich, MA), 0.25 uL of primer mix: 50uM each of ITS1P and ITS4 (White et al 1990),
0.25 uL of GoTaq polymerase (Promega Corporation, Madison WI), and 14 uL of
ultrapure water were used for the master mix for each sample. PCR was performed under
the following conditions: initial denaturation at 96°C for 2 minutes, followed by 30
cycles of denaturation at 94°C for 30s, annealing at 55°C for 40s, and extension at 72°C
for 10 minutes, with a final extension at 72°C for 10 minutes. 1uL of CutSmart buffer
thawed to room temperature, 0.5 uL of BStuI, and 3.5 uL of ultrapure water were added
to 5-10 uL of each plant ITS PCR product and was incubated overnight at 60°C (New
England Biolabs, Ipswich, MA). The digested amplicons were then run in a 3% agarose
gel with reference samples. Control samples were created using fresh leaf tissue from all
known plants that occur in the sites. The DNA from control samples was extracted,
amplified, and digested identically to the root samples. For more detailed methods on
molecular root identification see (Hewitt et al. 2019).

155

After root sample identity was confirmed, the gDNAs from each species x depth
were pooled to roughly equal concentrations. The fungal ITS2 region of the pooled
gDNAs were then amplified using 5.8S_FUN and ITS4_FUN (Taylor et al., 2016). PCR
master mix included 5uL of Phusion high fidelity (HF) buffer (Thermo Fisher Sciences,
Waltham, MA), 0.5uL 10mM deoxynucleotide triphosphates (New England Biolabs,
Ipswich, MA), 0.25uL of primer mix: 50uM each of 5.8S_Fun_next and ITS4_next
(Taylor et al., 2016), 0.25uL of phusion HF DNA polymerase (Thermo Fisher Sciences,
Waltham, MA), and 14uL of ultrapure water for each samples. 5uL of DNA template of
approximately 10 ng was added to the master mix for amplification. Thermocycling
conditions were as follows: initial denaturation at 98℃ for 30 seconds, followed by 26
cycles of 98℃ for 10 seconds, annealing at 58℃ for 10 seconds, extension at 60℃ for 4
minutes, then a final extension at 60 C for 20 minutes.

Fungal ITS2 PCR products were cleaned using ExoSap following manufacturer's
protocol (Thermofisher Scientific, Waltham, MA). Purified PCR products were used as
the template for a second round of PCR to anneal dual-indexed 6bp barcodes and
Illumina adaptors. Two replicates of each host species x depth samples were used with a
different set of barcodes on each for each sample to increase sequencing success. The
final PCR products were then pooled at roughly equal concentrations. The pooled library
was purified using AMPure SPRI beads following manufacturer's protocol, except using
0.8 rather than 1.8x:sample volume (Beckman Coulter, Brea, CA). The final library was
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then quantified on a Qubit fluorometer (Thermo Fisher Sciences, Waltham, MA) and
measured using a high sensitivity bioanalyzer (Agilent, Santa Clara, CA). Fungal
amplicons were sequenced using a v3 600 cycle kit on the Illumina MiSeq at the Center
for Translational Sciences at UNM (Illumina, San Diego, CA).
Bioinformatics

All bioinformatics steps were completed with the UPARSE pipeline primarily
using usearch v10.0.240_i86linux32, or when limited by memory, usearch
v9.2.64_i86linux64 (Edgar, 2013). Paired ends were merged using the -fastq_mergepairs
command, and merged reads were relabeled with the sample name using the -relabel @
option. Barcodes and adaptors were removed using the -fastx_truncate command. The
fastq_eestats2 command was used to find the optimum length for global trimming to
maintain a larger proportion of high quality reads. Reads were then trimmed to 310 base
pairs using fastx_truncate and filtered to have a maximum expected error of 1.0 using the
fastq_filter command. Reads were then dereplicated and counted using fastx_uniques
before clustering OTUs with the cluster_otus command. PhiX was removed using the
filter_phix command. Before taxonomy assignment, OTUs were compared to the UNITE
database (version:sh_general_release_dynamic_02.02.2019) and OTUs that did not
match with at least 50% identity were removed assuming they were likely non-fungal.

Taxonomy was assigned with usearch sin_tax using the UNITE database and an
80% confidence cut off. After finding a few OTUs that were identified to a host plant
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species using NCBI Blast, a representative sequence for each host species was added to
our download of the UNITE database. OTUs with poorly classified taxonomy were also
assigned using the warcup database and the RDP classifier online which resolved
taxonomy for some of the previously poorly classified OTUs (Deshpande et al., 2016).
For the OTUs with poorly assigned taxonomy, the most abundant were blasted on NCBI
BlastN with the option to exclude uncultured/environmental sample sequences. If a match
to a type specimen was found with at least 90% identity to our sample, the taxonomy was
assigned down to the lowest possible level. OTUs that were identified to fungi in our
mock community whose abudnace was an order of magnitude greater in the mock
community samples compared to root samples, were removed. Four OTUs assigned to
Malassezia and one OTU assigned to Suillus brevipes were also removed assuming they
were contaminants; all five of these OTUs had very low read abundance. Guilds were
assigned to OTUs using FUNGuild and investigator knowledge (Nguyen et al., 2016).

Statistics

All statistical analyses were completed in R, version 3.4.4, on the x86_64-pclinux-gnu platform. We used the phyloseq package to rarefy samples to an even depth and
calculate alpha diversity estimates. We rarefied samples to 5753 reads, without
replacement, and removed OTUs no longer present after sub-sampling. For all remaining
analyses, the data were relativized, where the number of reads of a particular OTU in a
sample were divided by the total number of reads in that sample using
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transform_sample_counts in the phyloseq package. The number of OTUs assigned to
each phylum in the overall community were counted using plyr, and the overall relative
abundance (RA) of each phylum was calculated using the aggregate function to sum the
RAs of each OTU in the study, and the total for each phylum was divided by the total
number of samples so that the RAs of the phyla summed to one. The same was performed
for guilds and on subsets of the data to describe particular groups (e.g. host type, plot
type, depth).

To statistically compare taxonomic groups between two sample types (e.g. control
vs greenhouse, ECM v ERM) the RAs of the taxonomic level of interest were summed
for each sample and the differences between sample types were tested using MannWhitney-Wilcoxon tests in ggpubr (Kassambara, 2018). If more than two sample types
were compared, the same steps were performed, except Kruskal-Wallace tests were used
instead of Mann-Whitney-Wilcoxon. Post-hoc analyses for Kruskal-Wallace tests were
completed with dunn test in dunn.test package (Dinno 2017). Normality assumptions
were tested using the Shapiro-Wilk’s normality test, and homogeneity of variances were
assessed using Levene’s test.

Overall fungal community composition by sample type was visualized in an 3D
NMDS ordination. Dimensionality was determined using the dimcheckMDS function in
the goeveg package. The NMDS was completed using phyloseq with Bray-Curtis
dissimilarities and a maximum of 500 random starts. Statistical comparisons of fungal

159
community composition were completed using permutational multivariate analysis of
variance with the adonis function in the vegan package and when appropriate, post-hoc
pairwise comparisons were completed using the pairwise_adonis function (MartinezArbizu, 2018). Differences in beta dispersion were assessed using the betadisp and
permutest commands in the vegan package. Further analyses of beta diversity were
completed using Bray-Curtis dissimilarities which were calculated using the vegdist
function in the vegan package. Indicator species analyses were completed using the
multipatt function in the indicspecies package (Cáceres & Legendre, 2009). Overlap for
and plots of Venn diagrams were calculated using the Venn.diagram package.

Results

Overall fungal community composition

After root segments were pooled by host species and depth class, there were 78
samples; however, two samples were dropped due to low read abundance, resulting in a
total of 76 samples. 37 samples were from the greenhouse plots and 39 from the control
plots. 26 samples were from ectomycorrhizal hosts and 50 from ericoid mycorrhizal
hosts. Roots were identified to six ericoid hosts and two ectomycorrhizal hosts (Table 1).
There were 1004 fungal OTUs that encompassed 7 Phyla, 35 Classes, 86 Orders, 163
families, 246 genera and 480 species. Communities were dominated by Ascomycota
(n=610, RA=79.86%), and the majority of the remaining fungi were in Basidiomycota

160
(n=265, RA=17.38%). The rest of the fungi were assigned to an unknown phylum (n=88,
RA=2.02%), Mortierellomycota (n=18, RA=0.45%), Zygomycota (n=7, RA=0.16%),
Mucoromycota (n=8, RA=0.09%), Chytridiomycota (n=7, RA=0.03%), and
Glomeromycota (n=1, RA<0.01%) (Figure 4, Supplemental File 1, Table 1a). By OTU
count, the majority of fungi could not be assigned to a guild, but by RA, a large
proportion of the fungi were assigned to ERM (n=64, RA=35.17%) or EMF (n=104,
RA=15.30%) (Figure 5, Supplemental File, Table 1b). By RA, the majority of the
remaining fungi were relatively equally assigned to putatively ERM (p_ERM) (n=42,
RA=10.27%), DSE (n=28, RA=9.88%), MULT_NM (n=124, RA=9.94%), and unknown
(n=88, RA=8.80%) guilds, which were fungi unassigned to any guild. SAP (n=184,
RA=6.17%), putative DSE (n=8, RA=1.68%), and other (n=21, RA=1.17%) were the
only other guilds that comprised at least 1% by RA (Figure 5, Table S1b).

Fungal community composition of ectomycorrhizal and ericoid mycorrhizal hosts

There were more OTUs on ericoid hosts (848) than on ectomycorrhizal hosts
(694). The majority of the OTUs, 538, were shared between ericoid and ectomycorrhizal
hosts. However, there were 310 OTUs unique to ECM hosts and 156 OTUs unique to
ericoid mycorrhizal hosts (Figure 1). The overall fungal phyla community composition
on both ericoid and ectomycorrhizal hosts resembled overall fungal community
composition (Figure 4); however, the RA of Ascomycota was significantly higher
(p=0.03) and the RA of Basidiomycota significantly lower (p<0.01) on ericoid hosts
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compared to ectomycorrhizal hosts (Supplemental File1, Table 1a). Both host types were
dominated by ericoid mycorrhizal fungi (ERM), ectomycorrhizal fungi (EMF), and dark
septate endophytes (DSE), although saprotrophs comprised a notable proportion of the
fungi on both hosts (Figure 5, Supplemental File 1, Table 1b).

ERM (p=0.02), multiple categories of non-mycorrhizal (p=0.03), and unknown
guilds (p<0.01) were significantly higher on ericoid hosts compared to ectomycorrhizal
hosts (Supplemental File1, Table 1). In contrast, EMF guilds were significantly higher on
ectomycorrhizal hosts compared to ericoid hosts (p<0.01) (Supplemental File, Table 1a).
There was no significant difference in either observed richness nor Chao1 diversity of
fungi between ericoid and ectomycorrhizal hosts (Supplemental File1, Figure 1).
However, there was a significant difference in fungal community composition per adonis
(R2=0.07, p<0.01), but the effect size was small. Beta dispersion and Bray-Curtis
dissimilarity was significantly greater on ectomycorrhizal hosts compared with ericoid
hosts (p<0.01, p<0.01). There were 33 indicator taxa on ectomycorrhizal hosts; the top
five were all identified to ERM, ECM, or DSE. The four indicator taxa for ericoid hosts
also includes a DSE, along with a pathogen, OTU157-Pseudocercosporella fraxini, and
two poorly defined Ascomycetes. The full indicator species lists by host type can be
found in Supplemental File 2.

Fungal community composition for each host species

162
Due to small sample size of some host species we did not perform any statistical
tests on RA of either Phyla or guilds for control compared to greenhouse plots at the host
species level. We did perform an adonis, which must be interpreted with caution due to
small sample size of some hosts. Host species had significantly different community
compositions (R2=0.15, p<0.01). When plot type comparisons were constrained by host
species, it was a stronger predictor of community composition than plot type alone
(R2=0.27, p=0.02). However post-hoc pairwise adonis only showed nearly significant
differences in community composition for Betula nana (R2=0.10, p=0.20) and
Rhododendron tomentosum (R2=0.11, p=0.19) hosts. Taxonomic composition by guild
was variable across host species and can be seen in Figure (Figure 6). The number of
OTUs and the RA abundance of phyla and guilds can be found in Supplemental File1,
Tables 2 and 3, respectively. There were indicator taxa for most hosts, and the indicators
on ectomycorrhizal hosts were both ERM fungi, compared to a large number of
saprotrophic indicator taxa found on ericoid hosts. Full indicator taxa lists by host can be
found in Supplemental File 2.

Fungal community composition by depth

The number of OTUs decreased with depth, A (~0-5 cm): 818, B (~5-15 cm):620,
C (~15+ cm):376, and only 261 OTUs were shared amongst all depth classes. Similarly,
the number of unique OTUs declined with depth (Supplemental File1, Figure 1a). Fungal
community composition at the Phylum level was similar across depths overall, but the
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RAs of Basidiomycota were significantly greater at depth A (~0-5 cm) compared to depth
C (~15+ cm) (Figure 4, Supplemental File 1, Table 2a). There were non-significant
declines in both observed richness and Chao1 diversity with increasing depth
(Supplementary File 1, Figure 3). Fungal community composition differed significantly,
but weakly across depth per adonis (R2=0.04, p<0.01). Beta dispersion was significantly
larger in depth A compared to depth B (p=0.04), and Bray-Curtis dissimilarities among
samples in depth A and C were significantly greater than those in depth B (A:C p<0.01,
B:C p<0.01). In contrast to unique OTUs, there were only 2 indicator taxa for depth A:
OTU4-Glutinomyces inflatus, and OTU408-Gallerina cephalotricha. There were only 4
indicator taxa for depth B: OTU159-Piskurozyma sp., OTU245-Basidiomycota sp.,
OTU129-Helotiales sp., and OTU521-Boletus subglabripes. There were 26 indicator taxa
for depth C, the top five were: OTU33-Articulospora tetracladia, OTU45-Hyaloscypha
aureliella, OTU748-Russula vinososordida, OTU36-Meliniomyces vraolstadiae, and
OTU92-Aspicilia verruculosa. Full indicator species lists by depth class can be found in
Supplemental File 2.

Depth stratification of fungal community composition by host type

The number of OTUs declined with depth on both host types, and roughly the
same percentage of OTUs were shared amongst the same depth class pairs on each host
type (Supplemental File1, Figure 1b). On both host types, Basidiomycota RAs were
significantly or nearly significantly greater at depth A compared to depth C (ericoid:
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p=0.05; ectomycorrhizal: p=0.06) (Supplemental File 1, Table 3a). On ericoid hosts,
unknown phyla and putively ERM RAs were significantly greater at depth C compared to
A (unknown phyla: p=0.04; putatively ERM: p=0.01) (Supplemental File 1, Table 3b).
There were non-significant declines in richness and diversity with depth on both host
types. Fungal community composition was significantly different by depth when adonis
was constrained by host type, and explained more variation than depth alone (R2=0.13,
p=0.04). Post hoc analyses showed that there were no significant differences in fungal
community composition between any pairs of depths after Bonferroni adjustments.
However, each depth was significantly or nearly significantly different from the same
depth between host types (A-A: p=0.03, B-B: p=0.02, C-C: p=0.08). There were no
significant differences in beta dispersion between any pairs of depths on ectomycorrhizal
hosts. Beta dispersion was significantly greater for depth A compared to depth B (p=0.01)
and C (p=0.02) on ericoid hosts. Depths B-C had significantly lower Bray-Curtis
dissimilarities than depths A-B (p=0.01), and A-C (p<0.01), on ericoid hosts. There were
no significant differences in Bray-Curtis dissimilarities on ectomycorrhizal hosts between
any pairs of depths, but all pairwise comparisons of depths had significantly greater BrayCurtis dissimilarities on ectomycorrhizal hosts compared to ericoid mycorrhizal hosts.
There were three indicator taxa for depth A on ectomycorrhizal hosts, all were classified
as saprotrophs: OTU156-Cladophialophora sp, OTU1076-Cladophialophora sp, and
OTU111-Articulospora sp.. There were four indicator taxa at depth B for ectomycorrhizal
hosts, two EMF: OTU217-Cortinarius decipiens and OTU251-Serendipita vermifera, and
two that were unassigned to a guild: OTU286-Helotiales sp., OTU427-Leucosporidium
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escuderoi. There were six indicator taxa at depth C on ectomycorrhizal hosts: 3 were
unassigned: OTU906-Ascomycota sp, OTU542-Helotiales sp., OTU556-Mrakia sp.; 1
ERM: OTU53-Pezoloma ciliifera; one assigned to multiple non-mycorrhizal guilds:
OTU181-Rachicladosporium luculiae; and one saprotroph: OTU331-Apiotrichum
xylopini. There were no indicator taxa assigned to solely ericoid hosts at depths A or B,
but there were eight for depth C, three of which were unassigned to a phylum. Of those
assigned a phylum, the indicator species on ericoid hosts for depth C, one was ERM:
OTU918-Sebacina vermifera; one was putatively DSE: OTU150-Capronia sp., one was
saprotrophic: OTU290-Sarcoleotia sp., and two were unassigned to guild, but possibly
ERM: OTU861-Helotiales sp. and OTU163-Helotiales sp.. There were five indicator taxa
assigned to depth B on both host types: OTU45-Hyaloscypha aureliella, OTU36Meliniomyces vraolstadiae, OTU120-Acarospora sp., OTU547-Neurospora sp., and
OTU1066-Sordariomycetes sp.. OTU166-Ascomycota sp.was an indicator for depths B
and C on ericoid hosts. OTU44-Sebacina vermifera was an indicator for both host types
at depths A and B. Full indicator species lists for host by depth can be found in
Supplemental File 2.

Effect of warming on overall fungal community composition

There were more OTUs in greenhouse plots (830 OTUs), compared to control
plots (595 OTUs). 376 OTUs were shared between control and greenhouse plots (Figure
1). The overall fungal community composition by Phylum and guild in control and
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greenhouse plots were similar and resembled the overall fungal community composition
(Figure 4). Saprotrophs were significantly higher in greenhouse plots compared to control
plots (Supplemental File 1, Table 4b). Both observed richness and Chao1 diversity were
significantly greater in greenhouse plots compared to control plots (p<0.001, p<0.001)
(Figure 2). Fungal community composition was also significantly different between
control and greenhouse plots (R2=0.051, p<0.001), but the effect of treatment was weak
(Figure 3). There was nearly significantly higher beta dispersion and significantly higher
Bray-Curtis dissimilarities between samples in greenhouse plots compared to control
plots (p=0.06, p<0.001). All pairwise comparisons for plot type can be found in
Supplemental File Table 6. There were 27 indicator taxa in control plots; the top five
were all either DSE, ERM or ECM: OTU23-Acephala sp., OTU11-Hyaloscypha sp.,
OTU33-Articulospora tetracladia, OTU1075-Hyaloscypha sp., and OTU172-Sebacina
vermifera. There were 66 indicator taxa in greenhouse plots; the top five were: OTU9Phialocephala fortinii (DSE), OTU18-Cudonia sp. (saprotroph), OTU24-Hyaloscypha
britannica (ERM), OTU43-Laccaria pumila (EMF), and OTU55-Pseudotomentella
tristis (EMF). The full list of indicator taxa by plot type can be found in Supplemental
File 2.

The ten most abundant OTUs overall in control and greenhouse plots can be
found in Figure 7. Of these OTUs, the following had significantly greater log(RA+0.001)
in control plots compared to greenhouse plots: OTU11-Hyaloscypha sp., OTU1Rhizoscyphus ericae, OTU2-Meliniomyces sp., OTU3-Herpotrichiellaceae sp., and
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OTU691-Rhizoscyphus ericae, all of which are ERM (Supplemental File1, Table 6). The
following OTUs had significantly greater log(RA + 0.001) in greenhouse plots compared
to control plots: OTU18-Cudonia sp. (saprotroph), OTU19-Serendipita vermifera (EMF),
OTU29-Herpotrichiellaceae sp. (ERM), OTU7-Phialocephala bamaru (ERM), and
OTU9-Phialocephala fortinii (DSE) (Supplemental File1, Table 7).

Differential effects of warming on ericoid and ectomycorrhizal hosts

There were 477 OTUs on ericoid hosts in control plots and 703 OTUs in
greenhouse plots. 332 OTUs were shared by ericoid hosts in control and greenhouse plots
(Figure 1). There were 415 OTUs on ectomycorrhizal hosts in control plots and 546 in
greenhouse plots. There were 267 OTUs shared between ectomycorrhizal hosts in control
and greenhouse plots (Figure 1). Fungal phyla community composition was similar in
control and greenhouse plots for both hosts and there were no significant differences in
the RAs of any phyla for either host (Figure 4, Supplemental File 1, Table 5a). There
were significant increases in DSE (p=0.032), EMF (p=0.052), endophytes (END)
(p=0.001), pathogens (p<0.001) and saprotrophs (p=0.001), and nearly significant
decreases in ERM (p=0.056) fungi on ericoid host roots in greenhouse plots compared to
control plots (Supplemental File 1, Table 5b). There were no significant shifts in any
fungal guilds in greenhouse plots compared to control plots for ectomycorrhizal hosts.
Observed richness and Chao1 diversity increased significantly with warming on ericoid
hosts, but there was no significant change in diversity with warming for ectomycorrhizal
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hosts (Figure 2). Community composition was significantly different between control and
greenhouse plots when constrained by host type and the effect was larger than warming
treatment alone (R2=0.130, p<0.001). However, post hoc pairwise analyses with
Bonferroni corrections showed only ericoid hosts had significantly different fungal
community composition between greenhouse and control plots. Beta dispersion was
significantly greater in both control and greenhouse ectomycorrhizal roots compared to
control and greenhouse ericoid mycorrhizal roots. Despite having more distinct
communities between control and greenhouse plots, Bray-Curtis dissimilarities were
significantly greater between samples in control and greenhouse plots for
ectomycorrhizal hosts than ericoid hosts (p<0.001). There was one indicator taxon for
ericoid hosts in control plots: OTU121-Epithamnolia xanthoriae, but it occurred only on
~20% of samples and had very low RAs; it may be a lichen that did not get fully cleaned
from the roots. There were 16 indicator taxa on ericoid hosts in greenhouse plots, and
four of the top five indicator taxa were saprotrophs: OTU18-Cudonia sp., OTU75Cryptodiscus sp., OTU128-Cryptodiscus sp., OTU787-Ascomycota sp., and OTU157Pseudocercosporella fraxini. There were 30 indicator taxa on ectomycorrhizal hosts in
control plots; the top five were: OTU33-Articulospora tetracladia, OTU42-Cortinarius
cinnamomeus, OTU46-Cadophora sp., OTU34-Cadophora sp.and OTU66-Helotiales sp.
There were 19 indicator taxa on ectomycorrhizal hosts in greenhouse plots, the top five
were: OTU53-Pezoloma ciliifera, OTU77-Cladophialophora sp., OTU68-Serendipita
vermifera, OTU175-Hyaloscypha variabilis, and OTU76-Cortinarius diasemospermus.
Full indicator species lists can be found in Supplemental file 2.
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Of the 10 most abundant OTUs in either control or greenhouse plots, the
following had significantly or nearly significantly greater log(RA+0.001) in control plots
compared to greenhouse plots on both host types: OTU11-Hyaloscypha sp., OTU2Meliniomyces sp., and OTU691-Rhizoscyphus ericae, all of which are ERM. The
following OTUs had significantly greater log(RA+0.001) in control plots compared to
greenhouse plots on ericoid hosts only: OTU1-Rhizoscyphus ericae, and OTU3Herpotrichiellaceae sp. OTU15-Cenococcum geophilum, and OTU6-Cortinarius
biformis were nearly significantly greater in control compared to greenhouse plots on
ectomycorrhizal hosts only. OTU18-Cudonia sp. and OTU9-Phialocephala fortinii were
significantly greater in greenhouse compared to control plots for both host types. The
following were significantly greater in greenhouse compared to control plots for ericoid
hosts only: OTU29-Herpotrichiellaceae sp., OTU5-Pezoloma ericae, OTU6-Cortinarius
biformis, OTU7-Phialocephala bamaru, and OTU8-Meliniomyces variabilis
(Supplemental File, Table 8).

Differential effect of warming by depth classes

There were fewer OTUs in control plots compared to greenhouse plots for each
depth class, but richness and Chao1 diversity only significantly increased with warming
at depths A and C (Supplemental File1, Figure 3). There were no significant changes in
fungal community composition by phylum at any depth (Supplemental File1, Table 6a).

170
EMF (p=0.032) significantly increased at depth A in greenhouse plots compared to
control plots. PATH (A: p=0.010, B: p=0.015), and SAP (A: p=0.010, B: 0.03) increased
significantly in greenhouse plots compared to control plots for depths A and B. END
significantly increased in greenhouse plots at depths A and C (A: p=0.073, C: p=0.010).
ERM nearly significantly decreased in greenhouse compared to control plots at depth C
(p=0.066) (Supplemental File1, Table 6b). When the effect of warming was constrained
by depth, community composition was significantly different between warming and
control plots and had a stronger effect than warming alone (R2=0.126, p<0.001). Post-hoc
pairwise comparisons showed significant differences in community composition between
warming and control only at depth A (R2=0.072, p=0.015), and nearly significant
differences in community composition at depth B (R2=0.18, p=0.075) after Bonferroni
corrections. There were no significant differences in beta dispersion between control and
greenhouse plots for any depth. Bray-Curtis dissimilarities for samples were significantly
greater in greenhouse than control plots for depth A (p<0.001), nearly significantly
greater in greenhouse plots for depth C (p=0.074), and significantly lower in greenhouse
than control plots in depth B (p=0.021).

Effect of warming on host differences

Basidiomycota was significantly higher and Ascomycota significantly lower in
ectomycorrhizal hosts compared to ericoid hosts only in control plots (control:
Ascomycota p=0.021, Basidiomycota p=0.016; greenhouse: Ascomycota p=0.350,
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Basidiomycota p=0.095) (Supplemental File, Table 5a). Similarly, richness and Chao1
diversity were only significantly higher on ectomycorrhizal compared to ericoid hosts in
control plots (control: richness p=0.021, Chao1 p=0.060; greenhouse: richness p=0.430,
Chao1 p=0.43) (Figure 2, Supplemental File 1, Figure 1). ERM RA was significantly
lower in ectomycorrhizal hosts compared to ericoid hosts in control plots only. EMF were
significantly higher on ectomycorrhizal compared to ericoid hosts in both control and
greenhouse plots. Multiple non-mycorrhizal and unassigned guild RAs were significantly
higher in ericoid hosts compared to ectomycorrhizal hosts in greenhouse plots only
(Supplemental File, Table 5b). When adonis was constrained by plot type, host became a
stronger predictor of differences in fungal community composition than when examined
across both plot types (R2=0.130, p<0.001). Post hoc pairwise adonis showed that hosts
had significantly different fungal community compositions in both control and
greenhouse plots after Bonferroni corrections, but effect of host was slightly stronger in
the control plots (control: R2=0.10, p=0.006, greenhouse: R2=0.07, p=0.006). In both
greenhouse and control plots, ectomycorrhizal hosts had significantly greater beta
dispersion than ericoid mycorrhizal hosts. Even though host is a slightly stronger
predictor of community composition in control plots, Bray-Curtis dissimilarity is
significantly greater between host types in greenhouse than control plots (p=0.004).

Effect of warming on depth stratification
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There were nearly significantly greater Basidiomycota RA at depth A compared to
depth B in control plots (p=0.097), and at depth A compared to depth C in greenhouse
plots (p=0.060) (Supplemental File 1, Table 6a). There were no significant differences in
any guild RAs between depths in control plots, but in greenhouse plots END guild RA
was significantly greater at depth C compared to both A (p=0.031) and B (p=0.047). The
‘other’ guild RAs were nearly significantly greater at depth B compared to depths A
(0.063) and C (p=0.083) in greenhouse plots (Supplemental File 1, Table 6b). Richness or
diversity declined non-significantly with depth in both control and greenhouse plots
(Supplemental File 1, Figure 3). Fungal community composition was significantly
different between depths when constrained by plot type (R2=0.126, p=0.008), but post
hoc pairwise adonis did not find any significant differences between any pairs of depths
in either greenhouse or control plots after Bonferroni corrections were applied. There
were no significant differences in beta dispersion between any depths in either control or
greenhouse plots. Bray-Curtis dissimilarities were significantly greater between samples
at different depths in greenhouse compared to control plots.

Persistence of previously observed shifts in fungal community composition

When we subset our data to the families examined by Deslippe et al. 2011, we
found inconsistencies in the direction and magnitude of change. Deslippe et al. 2011
found significant increases in Cortinariaceae, and non-significant increases in
Thelephoraceae, while we found non-significant declines in Cortinariaceae on both host
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types, and nearly significant increases in Thelephoraceae (p=0.066) on ectomycorrhizal
hosts, but almost zero Thelephoraceae on ericoid hosts in either control or greenhouse
plots. Deslippe et al. 2011 found significant declines in Russulaceae and Helotiaceae, and
non-significant declines in Tricholomataceae with warming, while we found nonsignificant increases in Russulaceae, and non-significant declines in Helotiaceae and
Tricholomataceae (Figure 7).

Discussion

This study highlights similarities in fungal communities colonizing ericoid and
ectomycorrhizal host plants and their differential response to nearly thirty years of
experimental warming. Fungi on ectomycorrhizal hosts were generally more resilient,
diverse, and included greater RAs of EMF and Basidiomycota compared to ericoid hosts,
which reflects their increased biomass and vigor across the Arctic. Ericoid hosts were
more sensitive to warming than ectomycorrhizal hosts, and experienced significant
increases in diversity with warming, but the increase in diversity was due to a loss of
likely beneficial ERM and subsequent increases in likely detrimental saprotrophs and
pathogens. We found support for depth stratification of fungal communities that
significantly differed between ericoid and ectomycorrhizal hosts. Depth classes were
differentially affected by warming, and depths A and C were more sensitive than depth B
on both host types. Several components of fungal community composition only shifted
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on a particular host type or at a particular depth with warming, underscoring the potential
of effects to be masked when fungal communities are analysed in pooled bulk soils.

Differences in host types and species, and their response to warming

Despite having more OTUs overall, and more unique OTUs, ericoid hosts had
significantly lower diversity than ectomycorrhizal hosts. As expected, ERM fungi were
significantly more abundant on ericoid hosts and EMF were significantly more abundant
on ectomycorrhizal hosts, but ERM fungi were the most abundant guild on both host
types and there was substantial overlap in individual OTUs suggesting a potential for
common mycorrhizal networks to form between host types. Although ERM fungi were
once thought to be restricted to plant hosts within the Ericaceae, recent work has
repeatedly shown colonization of ectomycorrhizal hosts with ericoid mycorrhizal fungi,
and at least one ERM species can form both ecto- and ericoid mycorrhizal morphologies
on respective hosts (Bergero, Perotto, Girlanda, Vidano, & Luppi, 2000; Chambers,
Curlevski, & Cairney, 2008; Hewitt, Chapin, Hollingsworth, & Taylor, 2017; Perotto,
Girlanda, & Martino, 2002; Vrålstad, Fossheim, & Schumacher, 2000). Similarly, some
EMF fungi have been demonstrated to form associations with the hair roots of ericaceous
plants (Bougoure, Parkin, Cairney, Alexander, & Anderson, 2007; Smith, Molina, &
Perry, 1995; Walker et al., 2011). Of these, the Sebacinales are most well-described and
commonly documented, and can be the dominant inhabitants of ericoid hair roots in
heathlands (Allen, Millar, Berch, & Berbee, 2003; Selosse et al., 2007; Weiss, Selosse,
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Rexer, Urban, & Oberwinkler, 2004). EMF fungi accounted for nearly 10% of the fungi
by RA on ericoid hosts, and over 7% were either identified as species of Sebacina or
Serendipita. Another study at the same field site found similar assemblages of fungi on
four different ericoid host species, supporting the common association of fungi in
Sebacinales with ericoid hosts in low arctic tundra (Walker et al., 2011). The majority of
the remainder of the EMF basidiomycetes that were sequenced from ericoid roots were
assigned to the genus Cortinarius, with a minority assigned to the genera Russula, or
Thelephora. Walker et al. 2011 also recovered sequences assigned to Russula from
ericoid roots near our sites. Although we attempted to remove all debris from the roots
before DNA extractions, we did not surface sterilize roots, thus, it is possible that fungi
assigned to EMF genera other than Sebacina were contaminants and may have arisen
from fungal hyphae adhered to the root samples. However, Cortinarius forms arbutoid
mycorrhizas with Comarostaphylis arbutoides (family Ericaceae), and other EMF
Basidiomycetes can form ericoid mycorrhizas with ericoid hair roots in media, suggesting
potential to colonize ericoid hosts in our site (Kühdorf, Münzenberger, Begerow, GómezLaurito, & Hüttl, 2016; Villarreal-Ruiz, Neri-Luna, Anderson, & Alexander, 2012).
Hewitt et al. found fungal connectedness of ectomycorrhizal seedlings with ericoid
shrubs positively influenced seedling biomass after fire, and suggested that these ericoid
shrubs may serve as hubs of inoculum for regenerating seedlings. In our plots
ectomycorrhizal shrubs are much larger than ericoid shrubs, especially in warmed plots.
The previously observed reduction in biomass of some ericoid shrubs in these plots could
be due to light limitation by the ectomycorrhizal hosts (DeMarco et al. 2014) , suggesting
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these potential mycorrhizal networks could be important for understory shrubs, although
the extent, balance, and function of such networks, if they do exist, is unknown.

Ericoid hosts were more sensitive to warming than ectomycorrhizal hosts, and
they experienced a pronounced loss of ERM fungi in greenhouse plots which was
mirrored by increases in saprotrophs, dark septate endophytes, and pathogens. Increases
in both saprotrophs and pathogens on these roots could easily be hypothesized to have
negative effects on their ericoid hosts, and perhaps could contribute to the reduction in
ericoid host biomass observed with warming. On the contrary, it could also be
hypothesized that the reduction in ericoid host biomass or health results in increased
colonization by pathogens and saprotrophs. Shading by grasses reduced ERM
colonization of Calluna vulgaris in a Dutch heathland (Hofland-Zijlstra et al. 2009), and
it is possible a similar phenomenon could occur in our plots due to the increased biomass
of ectomycorrhizal shrubs. This shading could lead to reduced carbon allocation
belowground, which would reduce competition against pathogens and saprotrophs.
Shading could also result in root shedding, which would produce dying and dead root
tissue and likely lead to increases in saprotrophs (Hofland-Zijlstra & Berendse, 2009).
The loss of ERM and subsequent increases in saprotrophs could have important impacts
on ecosystem function. Since there were more OTUs overall, and more unique OTUs on
ericoid hosts, the decline of these hosts in the Arctic could be coupled with a loss of
fungal diversity and potential shifts in ecosystem function. Lower soil microbial diversity
has been linked to increased decomposition and reduced nitrification, both of which
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could lead to declines in carbon storage (Griffiths et al., 2000). Mycorrhizal fungi are
understood to contribute to carbon storage through competition with saprotrophs,
retarding decomposition, an observation termed the Gadgil effect (Averill, Turner, &
Finzi, 2014; Bödeker, Lindahl, Olson, & Clemmensen, 2016). Furthermore, shifts in
fungal community composition from ECM to ERM in a boreal forest in Sweden was
strongly tied to increased ecosystem carbon storage, and was attributed to the production
of heavily melanized recalcitrant hyphae by ERM fungi (Clemmensen et al., 2014).

Ectomycorrhizal host fungal communities were not significantly different
between greenhouse and control plots, and there were no significant shifts in any phyla or
guilds. A few of the dominant individual ERM taxa declined significantly with warming
while OTU9-Phialocephala, a DSE, and OTU18-Cudonia, a saprotroph increased
significantly with warming. Both were indicator taxa for greenhouse plots, supporting the
trends observed on ericoid hosts at higher levels of taxonomy. Geml et al. found similar
trends in soil in a nearby warming experiment, where individual taxa within a phylum
responded differentially, masking effects at higher taxonomic levels. The same study also
found richness of Phialocephala to be greater in greenhouse compared to control plots,
and the authors suggested the ability of these fungi to mineralize nitrogen could
contribute to the growth of their hosts (Geml et al., 2015). There were also significant
increases in DSE on ericoid hosts in greenhouse plots, but despite their ubiquity, the
taxonomy and ecological function of DSE are poorly resolved, and associations with
DSE can result in a range of outcomes for the host. Therefore, it is difficult to interpret
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the implications of increased DSE abundance with warming for either host type
(Alberton, Kuyper, & Summerbell, 2010; Knapp et al., 2018). The lack of shifts in
community composition with warming on ectomycorrhizal hosts masked some of the
significant trends found on ericoid hosts, demonstrating the need to account for host
species and to examine lower levels of taxonomy when assessing fungal responses to
environmental change.
Our results are in contrast to DeSlippe et al. who sequenced fungi from Betula
nana roots in the same plots nine years earlier than the present study. DeSlippe et al.
found significant increases in Cortinariaceae, and significant declines in Russulaceae
and Helotiaceae with warming (Deslippe, Hartmann, Mohn, & Simard, 2011). However,
this earlier group restricted their sequencing to root tips that were enveloped in a hyphal
mantle for at least 50% of their length. This drastically reduces the chances of recovering
DSE, ERM, pathogenic, and saprotrophic fungi present on the roots. Earlier studies in
Sweden and Canada found no significant changes in fungal community composition on
Salix after a similar warming experiments of shorter duration than in DeSlippe et als,
leading to a hypothesis by Timling and Taylor that mycorrhizal fungal communities
lagged in response to warming compared to their hosts (Clemmensen & Michelsen, 2006;
Fujimura, Egger, & Henry, 2008; Timling & Taylor, 2012). Interestingly, when we
constrained the effect of warming by host species, we found that Betula nana fungal
communities were nearly significantly different between control and greenhouse plots,
whereas Salix pulchra communities were not. Although these results must be interpreted
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with caution, as Salix pulchra is represented by only two samples in control plots, they
further suggest that hosts vary in their responses to warming.
Depth stratification, differences between host types and response to warming

The vertical partitioning of fungi in soils is well documented, and patterns are
consistent across multiple ecosystem types (McGuire, Allison, Fierer, & Treseder, 2013).
Generally there is a larger proportion of saprotrophs in the litter and surface layers, while
both ericoid and ectomycorrhizal fungi peak in the humic horizon (Anderson, Genney, &
Alexander, 2014; Lindahl et al., 2007; Taylor & Bruns, 1999). There are also several
observations for vertical niche partitioning within EMF communities, where studies
examining distribution of EMF communities colonizing roots show preference for
particular horizons (Dickie, Xu, & Koide, 2002; Rosling et al., 2003; Smith et al., 2017).
Our results are similar to previous studies that examined vertical niche partitioning of
fungi in soils, with a general decline in saprotrophs at greater depths, suggesting this
trend occurs on roots in addition to soil. There was a decline in EMF with depth, but
EMF were fairly abundant up to 15 cm deep, and two OTUs identified to EMF (OTU918Sebacina vermifera and OTU748-Russula vinososordia) were indicators for depth C (15+
cm). Previous studies have also noted a decline in EMF with depth and preferences of
some EMF taxa for organic horizons (Anderson et al., 2014; Taylor & Bruns, 1999).
Interestingly, another OTU assigned to Sebacina vermifera, OTU44, was an indicator for
depth A (0-5 cm), suggesting there could be vertical niche differentiation in closely
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related lineages, which have been previously reported in the boreal forests of Sweden and
Alaska (Rosling et al., 2003; Taylor et al., 2014).

There was depth stratification demonstrated by significantly different fungal
communities by depth for both host types, but this was stronger for ericoid hosts than for
ectomycorrhizal hosts. On ectomycorrhizal hosts there were no significant shifts in any
phylum or guild by depth. In contrast, putative ERM had a significantly higher RA at
depth C (15+ cm) compared to A (0-5 cm), suggesting a different group of ERM are
active at depth compared to the surface or shallower layers, and may have been activated
by warming. Although vertical niche differentiation has been previously reported for
EMF, this is the first report for depth stratification of ericoid mycorrhizal fungi on roots.
Even though their depth partitioning was similar, fungal community composition was
significantly different between ericoid and ectomycorrhizal hosts at depth A (0-5 cm) and
B (5-10 cm), and nearly significantly different at depth C (15+ cm). McGuire et al. 2013
reported similar patterns in vertical distribution of fungi, despite different taxonomic
compositions in tropical and boreal forests. Our data show a similar trend on a much
smaller scale: hosts with significantly different taxa show similar patterns of fungal depth
distribution.

Fungi at three levels of soil depths responded differently to warming treatment,
with stronger shifts in the shallowest and deepest layers. There were significant increases
in diversity at both depths A (0-5 cm) and C (15+ cm). Both saprotrophs and pathogens
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increased significantly in depths A (0-5 cm) and B (5-15 cm), while DSE increased
significantly at depth C (15+ cm). Several indicators for depth C were either EMF or
ERM fungi. There were fewer indicator taxa at depths A and C in control plots compared
to the same depths in greenhouse plots, suggesting several fungi were preferentially able
to colonize plants in warmed plots, which could be potentially linked to greater carbon
allocation belowground (Deslippe & Simard, 2011). The only indicator at depth A (0-5
cm) in control plots, and the majority of the 11 indicator taxa at depth A in greenhouse
plots were saprotrophs related to Cladophialophora. Increased production of
ectomycorrhizal shrubs leads to increases in both quantity and quality of litter input, as
deciduous shrubs have less recalcitrant foliage, providing more substrate (DeMarco,
Mack, & Bret-Harte, 2014). There were ERM and EMF indicators for depth C (15+ cm)
in both control and greenhouse plots, and there were twice as many in greenhouse plots.
The presence of ERM and EMF at depth suggest an active community of mycorrhizal
fungi at least 15 cm below the surface that could potentially transfer N from thawing
permafrost to more shallowly rooted mycorrhizal host plants.

Warming in these plots has substantially increased thaw depth. Northern
ecosystem soils contain ~1,700 Pg of organic carbon, which is more carbon than is in the
atmosphere and terrestrial vegetation combined (Tarnocai et al., 2009). As the permafrost
thaws, it has the potential to release tremendous amounts of carbon as CO2 and CH4, but
as thawed permafrost decomposes it could also release ~25 g of N m-2 year-1 (Schuur et
al., 2009). A recent study examining how belowground plant traits affected their ability to
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access newly thawed nitrogen found that non-mycorrhizal plants had more deep roots and
were able to immediately take up 15N tracer applied at the permafrost boundary,
whereas, mycorrhizal plants accumulated the 15N slowly over the growing season. This
suggests there is a potential for N to be transferred to mycorrhizal hosts via fungi that
occur deeper in the soil than their roots (Hewitt, Taylor, Genet, McGuire, & Mack, 2019).
Indeed, in a follow up study, we found that mycorrhizal fungi do inhabit and are active in
deep soils, as evidenced by amplification of their DNA and RNA adjacent to the
permafrost boundary. Furthermore, several of the same OTUs were amplified from the
roots of mycorrhizal hosts located in shallower layers of the soil profile (Hewitt et al. in
prep). The increase of indicator ERM, ECM, and DSE in depth C (15+ cm) in greenhouse
plots compared to control plots align with this finding, and highlight the potential for
mycorrhizal fungi to mediate ecosystem responses to climate change by providing their
hosts with limiting nutrients, contributing to increased production and aboveground
carbon storage. Incubation experiments have demonstrated that decomposers may be
limited by labile carbon at depth (Lavoie, Mack, & Schuur, 2011) and the presence of
mycorrhizal fungi deeper in the soil profile could contribute to belowground carbon
storage by limiting the activity of saprotrophs. Increased production of Betula nana with
warming has been linked to a nearly 50% increase in ectomycorrhizal biomass,
suggesting greater belowground carbon allocation, and a competitive firewall against
saprotrophs (Clemmensen, Michelsen, Jonasson, & Shaver, 2006). Since net ecosystem
balance is dependent on decomposition rates, as suggested by Sistla et al. 2013, the fate
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of soil carbon as mycelial biomass turns over could have major implications for
ecosystem carbon balance.

Persistence of previously observed shifts in fungal community composition

When we analyzed the same families as Deslippe et al., we found inconsistencies
with their results. Deslippe et al. reported large increases in Cortinariaceae with
warming, whereas we found non-significant declines in this family on ectomycorrhizal
hosts with warming. The differences in our sampling schemes could account for some of
these differences, since Deslippe et al. 2011 restricted their sequencing to root tips that
were enveloped in a hyphal mantle for least 50% of their length, which strongly biases
recovery of EMF and drastically reduces chances of recovering either ERM or DSE
fungi. Additionally, they Sanger sequenced 30 root tips per plot while we used Illumina
sequencing and were likely to recover a much larger portion of the diversity of fungi
colonizing these roots. Furthermore, they did not verify their collection of roots as Betula
nana. We initially thought it would be simple to differentiate roots of Betula nana and
Salix pulchra based on morphology, but as Salix pulchra increased in distance from the
main root system they began to strongly resemble Betula nana roots, suggesting Deslippe
et al. may have sampled a mix of Salix pulchra and Betula nana root tips in their study.
When we examined these hosts individually, the changes were much more pronounced on
Salix compared Betula. In contrast to the differences we found compared to Deslippe et
al., our results were very consistent with Geml et al. who found significant increases in
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saprotroph diversity and abundance and significant declines in EMF diversity and
abundance in warmed plots compared to control plots in a similar warming experiment
near Toolik Lake, Alaska. Our results were also consistent with previous studies in both
Sweden and Canada that found no significant shifts in mycorrhizal fungal richness or
alpha diversity with experimental warming treatments (Clemmensen, Michelsen,
Jonasson, & Shaver, 2006; Fujimura, Egger, & Henry, 2008). These results suggest that
the massive shifts in fungal community composition reported by Deslippe et al. are an
anomaly which may have been exaggerated by their sampling protocol and are not
supported by studies using modern sequencing techniques.

Taxonomy and guild assignment

Several of the fungi assigned to non-mycorrhizal guilds by FunGuild, in particular
several assigned as saprotrophs, have been isolated or sequenced from host plant roots,
suggesting a wider ecological niche as both saprotrophs and root endophytes.
Cladophialophora and Articulospora species were common in our study, and were
categorized by FunGuild as saprotrophic. However, a species of Cladophialophora has
been described as a dark septate endophyte in Japanese forests and Articulospora, an
aquatic hyphomycete, has been identified as a root endophyte of Drosera rotundifolia and
sequences have been obtained from seedlings in Alaskan boreal forests (Bent, Kiekel,
Brenton, & Taylor, 2011; Quilliam & Jones, 2010; Usui, Takashima, & Narisawa, 2016).
However, the functional nature and role in nutrient exchange of these fungi are poorly
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understood, and may be quite variable. There is evidence that some root endophytes
transition to saprotrophy as hosts sensecencse and Oidiodendron maius can function as a
free-living soil saprotroph in addition to forming ERM with host plants (Promputtha et
al., 2007; Rice & Currah, 2006). Thus, it is difficult to speculate how some fungal shifts
will affect hosts or ecosystem function, and further study is required to elucidate fungal
roles.

Conclusions

Our results demonstrate fungal community resilience to warming is related to
changes in plant dominance, where fungi colonizing plants that are increasing in
dominance are more resilient than those colonizing plants with declining abundance.
Ericoid host consortia were more sensitive to warming than ectomycorrhizal hosts, and
experienced increases in saprotrophs and pathogens reflecting, and potentially feeding
back to, their negative aboveground response. The greater number of unique fungal
species colonizing ericoid host consortia compared to ectomycorrhizal hosts suggests that
declines in ericoid hosts could also result in reductions in fungal diversity and potentially
important shifts in ecosystem function. The difference in fungal community response to
warming by host type highlights the importance of accounting for host and depth in
understanding linked plant-fungus community responses to environmental change.
Examining only a single host can mask or overestimate overall fungal responses to
warming, and analysis at high taxonomic levels may cloud significant shifts occurring on
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a species-specific basis due to variance of individual taxa within a phylum or guild. The
results from this nearly thirty year study demonstrate significant shifts in fungal
communities associated with a declining suite of hosts under warming at high latitudes.
The importance of these fungal shifts in these carbon-rich soils warrant further
investigation, in particular their relationship to ecosystem function.
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Table 1. Number of species x depth root segment pools for each host species in the
control and greenhouse plots (*denotes ectomycorrhizal host).
host species

total

control greenhouse depth A

depth B

depth C

Andromeda polifolia
7

2

5

4

2

0

(andpol)
Betula nana* (benan)

17

8

9

8

5

4

Cassiope tetragona (castet)

2

1

1

1

1

0

Empetrum nigrum (empnig)
Rhododendron tomentosum
(rhotom)
Salix pulchra* (salpul)
Vaccinium uliginosum

10

6

4

6

2

2

17

9

8

7

6

4

9

2

7

4

4

1

5

3

2

2

3

0

10

6

4

2

4

1

(vaculi)
Vaccinium vitis-idaea
(vacvit)
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Figure 1. Number of OTUs per each host type by treatment type. GH=greenhouse,
C=control. ERM=ericoid mycorrhizal, ECM=ectomycorrhizal.
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Figure 2. Shifts in diversity with warming by host type .a) Rarefaction of samples
showing the number of OTUs per read. Greenhouse plot samples have higher diversity
than control plot samples. Pink colors are ericoid hosts and blue colors are
ectomycorrhizal hosts, dark colors are greenhouse plots and light colors are control plots.
Richness and diversity are significantly greater in greenhouse plots compared to control
plots for ericoid hosts b), but not for ectomycorrhizal hosts c).
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Figure 3. 3D NMDS of samples by plot type, host type, and depth. The first 2 axes show
greater spread of ectomycorrhizal hosts and greenhouse plots. Stress=0.161. Color
represents host and plot type, shape represents depth class. ERM=ericoid host,
ECM=ectomycorrhizal host, A=~0-5 cm, B=~5-15 cm, C=~15+ cm.

196

Figure 4. The RA of phlya for each group. There was greater Ascomycota RA in ERM,
control and deeper depths.

Figure 5. The guild RA for each group.
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Figure 6. Guild RA composition by host species.
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Table S1A. Number of OTUs and RA of each phylum, overall, ERM, ECM, and any
significant differences in RA between ERM and ECM samples. n=number of OTUs,
followed by RA, then mean, and standard error are presented.
Phylum

Overall

ERM

ECM

sig.

Ascomycota

n=610, 79.86%;
0.8 ± 0.02

n=514, 83.64%;
0.84 ± 0.02

n=442, 72.59%;
0.73 ± 0.04

p=0.03

Basidiomycota

n=265, 17.39%;
0.17 ± 0.02

n=221, 12.84%;
0.13 ± 0.01

n=182, 26.14%;
0.26 ± 0.04

p<0.01

Chytridiomycota

n=7, 0.03%;
0±0

n=5, 0.05%;
0±0

n=3, 0%;
0±0

Glomeromycota

n=1, 0%;
0±0

NA

n=1, 0%;
0±0

Mortierellomycota

n=18, 0.45%;
0±0

n=17, 0.5%;
0.01 ± 0

n=13, 0.35%;
0±0

Mucoromycota

n=8, 0.09%;
0±0

n=7, 0.1%;
0±0

n=7, 0.07%;
0±0

p=0.02

unknown

n=88, 2.02%;
0.02 ± 0

n=77, 2.69%;
0.03 ± 0.01

n=44, 0.73%;
0.01 ± 0

p=0.02

Zygomycota

n=7, 0.16%;
0±0

n=7, 0.19%;
0±0

n=2, 0.12%;
0±0
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Table S1B. Number of OTUs and RA of each guild, overall, ERM, ECM, and any
significant differences in RA between ERM and ECM samples. n=number of OTUs,
followed by RA, then mean, and standard error are presented.
Overall

ERM

ECM

sig.

AM

n=1, 0%; 0 ± 0

NA

NA

p=0.17

DSE

n=28, 9.88%; 0.1 ± 0.01

n=26, 8.34%; 0.08 ± 0.01

n=16, 18.44%; ± 0.18± 0.07

p=0.21

ECM

n=104, 15.3%; 0.15 ± 0.02

n=89, 9.89%; 0.1 ± 0.01

n=32, 11.91%; ± 0.12± 0.03

p=0.15

END

n=5, 0.11%; 0 ± 0

n=4, 0.11%; 0 ± 0

n=2, 0.28%; ± 0± 0

p=0.87

ERM

n=64, 35.17%; 0.35 ± 0.02

n=61, 38.08%; 0.38 ± 0.02

n=32, 31.07%; ± 0.31± 0.1

p=0.02*

LICHEN

n=14, 0.58%; 0.01 ± 0

n=14, 0.68%; 0.01 ± 0

n=5, 0.43%; ± 0± 0

p=0.98

MULT

n=18, 0.45%; 0 ± 0

n=17, 0.5%; 0.01 ± 0

n=5, 0.07%; ± 0± 0

p=0.66

MULT_NM

n=124, 9.94%; 0.1 ± 0.01

n=102, 11.46%; 0.11 ± 0.01

n=24, 5.63%; ± 0.06± 0.02

p=0.76

other

n=21, 1.17%; 0.01 ± 0

n=19, 1.37%; 0.01 ± 0

n=2, 0.56%; ± 0.01± 0.01

p=0.82

PATH

n=35, 0.48%; 0 ± 0

n=30, 0.35%; 0 ± 0

n=5, 0.22%; ± 0± 0

p=0.47

p_ERM

n=42, 10.27%; 0.1 ± 0.01

n=37, 11.33%; 0.11 ± 0.02

n=22, 8.2%; ± 0.08± 0.04

p=0.22

put_DSE

n=8, 1.68%; 0.02 ± 0

n=5, 1.98%; 0.02 ± 0.01

n=3, 0.44%; ± 0± 0

p=0.52

SAP

n=184, 6.17%; 0.06 ± 0.01

n=157, 5.37%; 0.05 ± 0.01

n=42, 14.14%; ± 0.14± 0.08

p=0.68

unknown

n=356, 8.8%; 0.09 ± 0.01

n=287, 10.54%; 0.11 ± 0.01

n=51, 8.6%; ± 0.09± 0.05

p=0.16
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Table S2A. Number of OTUs and RA of each phylum for each depth and any significant
differences in RA between depth classes. n=number of OTUs, followed by RA, then
mean, and standard error are presented.
Phylum

depth A (A)

depth B (B)

depth C (C)

sig.

Ascomycota

n=503, 76.2%;
0.76 ± 0.03

n=399, 81.71%;
0.82 ± 0.03

n=247, 87%;
0.87 ± 0.02

A-C: p=0.10

Basidiomycota

n=218, 21.9%;
0.22 ± 0.03

n=150, 15.25%;
0.15 ± 0.03

n=97, 8.3%;
0.08 ± 0.02

A-B: p=0.08,
A-C: p=0.01

Chytridiomycota

n=6, 0.02%;
0±0

n=3, 0%;
0±0

n=1, 0.13%;
0±0

Glomeromycota

NA

n=1, 0%;
0±0

NA

Mortierellomycota

n=17, 0.51%;
0.01 ± 0

n=10, 0.54%;
0.01 ± 0

n=8, 0.03%;
0±0

Mucoromycota

n=8, 0.14%;
0±0

n=6, 0.05%;
0±0

n=4, 0.02%;
0±0

unknown

n=61, 1.04%;
0.01 ± 0

n=47, 2.27%;
0.02 ± 0.01

n=17, 4.46%;
0.04 ± 0.02

Zygomycota

N=5, 0.19%;
0±0

N=4, 0.17%;
0±0

N=2, 0.05%;
0±0

A-C: p=0.02

A-C: p=0.05;
B-C: p=0.06
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Table S2B. Number of OTUs and RA of each guild for each depth and any significant
differences in RA between depth classes. n=number of OTUs, followed by RA, then
mean, and standard error are presented. Depth class comparisons were completed using
Kruskal-Wallace tests and Benjamani-Hochberg corrections have been applied to the p
values for all posthoc pairwise comparisons.
guild

depth (A)

AM

NA

DSE

depth B (B)

depth C (C)

n=26, 8.79%;
0.09 ± 0.02

n=1, 0%;
0±0
n=20, 10.67%;
0.11 ± 0.02

n=18, 11.47%;
0.11 ± 0.04

ECM

n=92, 17.97%;
0.18 ± 0.03

n=65, 15%;
0.15 ± 0.04

n=49, 7.77%;
0.08 ± 0.02

END

n=5, 0.03%;
0±0

n=3, 0.14%;
0±0

n=2, 0.29%;
0±0

ERM

n=58, 33.9%;
0.34 ± 0.03

n=54, 36.11%;
0.36 ± 0.03

n=43, 36.94%;
0.37 ± 0.05

LICHEN

n=11, 0.44%;
0±0

n=11, 0.38%;
0±0

n=7, 1.46%;
0.01 ± 0

MULT

n=17, 0.51%;
0.01 ± 0

n=10, 0.54%;
0.01 ± 0

n=8, 0.03%;
0±0

MULT_NM

n=95, 10.95%;
0.11 ± 0.01

n=81, 10.41%;
0.1 ± 0.02

n=41, 5.76%;
0.06 ± 0.01

other

n=19, 0.66%;
0.01 ± 0

n=11, 2.26%;
0.02 ± 0.01

n=3, 0.31%;
0±0

PATH

n=30, 0.51%;
0.01 ± 0

n=18, 0.55%;
0.01 ± 0

n=10, 0.23%;
0±0

p_ERM

n=41, 9.75%;
0.1 ± 0.02

n=34, 8.41%;
0.08 ± 0.01

n=25, 16.07%;
0.16 ± 0.03

put_DSE

n=6, 1.29%;
0.01 ± 0

n=6, 2.47%;
0.02 ± 0.01

n=4, 1.06%;
0.01 ± 0.01

SAP
unknown

n=145, 6.7%;
0.07 ± 0.01
n=273, 8.5%;
0.08 ± 0.01

n=117, 4.6%; 0.05 ± 0.01
n=189, 8.44%; 0.08 ± 0.01

sig.

NA

n=71, 8.06%;
0.08 ± 0.04
n=95, 10.56%;
0.11 ± 0.03

A-C: p=0.02

A-C: p=0.04
B-C: p=0.03
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Table S3A. Number of OTUs and RA of each phylum for each host type and depth
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Depth class comparisons
were completed using Kruskal-Wallace tests and Benjamani-Hochberg corrections have
been applied to the p values for all posthoc pairwise comparisons.
Phylum

ERM:A

ERM:B

ERM:C

ECM:A

ECM:B

ECM:C

sig. (depth) sig. (host)

Ascomycota

n=406,
81.42%;
0.81 ± 0

n=328,
85.56%;
0.86 ± 0

n=189,
86.65%;
0.87 ± 0

n=365,
65.31%;
0.65 ± 0

n=237,
74.01%;
0.74 ± 0

n=168,
87.49%;
0.87 ± 0

ECM:A-C:
A:p=0.01
p=0.09

Basidiomycota

n=176,
16.47%;
0.16 ± 0

n=117,
10.31%;
0.1 ± 0

n=76,
6.36%;
0.06 ± 0

n=145,
33.21%;
0.33 ± 0

n=97,
25.12%;
0.25 ± 0

n=54,
11.01%;
0.11 ± 0

ERM:A-C:
p=0.05;
A:p=0.01
ECM:A-C:
p=0.06

n=4, 0.03%; n=3, 0.01%; n=1, 0.22%; n=3, 0%;
0±0
0±0
0±0
0±0

n=1, 0%;
0±0

n=1, 0%;
0±0

n=1, 0.01%;
0±0

NA

Chytridiomycota

Glomeromycota

NA

Mortierellomycot
a

n=13,
0.44%;
0±0

Mucoromycota

unknown

Zygomycota

NA

NA

n=9, 0.78%; n=7, 0.01%;
0.01 ± 0
0±0

NA

ERM:A-C:
n=13,
n=5, 0.07%; n=5, 0.07%; p=0.07;
0.67%;
0±0
0±0
ERM:B-C:
0.01 ± 0
p=0.04

n=5, 0.18%; n=5, 0.03%; n=1, 0.01%; n=6, 0.06%; n=5, 0.09%; n=3, 0.04%;
0±0
0±0
0±0
0±0
0±0
0±0
n=51,
1.29%;
0.01 ± 0

n=36,
3.08%;
0.03 ± 0

n=11,
6.69%;
0.07 ± 0

n=26,
0.54%;
0.01 ± 0

B: p=0.01

n=16,
n=8, 1.35%; ERM:A-C: B:p=0.08
0.66%;
0.01 ± 0
p=0.04 C: p=0.05
0.01 ± 0

n=5, 0.18%; n=4, 0.24%; n=1, 0.07%; n=2, 0.21%; n=2, 0.04%; n=2, 0.04%; ECM:A-C:
B: p=0.01
0±0
0±0
0±0
0±0
0±0
0±0
p=0.07
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Table S3B. Number of OTUs and RA of each guild for each host type and depth
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Depth class comparisons
were completed using Kruskal-Wallace tests and Benjamani-Hochberg corrections have
been applied to the p values for all posthoc pairwise comparisons.
guild

ERM:A

ERM:B

ERM:C

ECM:A

ECM:B

ECM:C

AM

NA

NA

NA

NA

n=1, 0.01%;
0±0

NA

sig (depth) sig (host)

DSE

n=24,
n=15, 9.49%; n=14, 6.49%;
8.02%;
0.09±0.02
0.06±0.02
0.08±0.02

n=20,
10.39%;
0.1±0.03

n=17,
13.03%;
0.13±0.05

n=16,
18.44%;
0.18±0.07

ECM

n=75,
n=71,
n=52, 7.52%; n=42, 4.81%;
13.02%;
28.28%;
0.08±0.02
0.05±0.01
0.13±0.02
0.28±0.05

n=49,
29.97%;
0.3±0.11

n=32,
ERM:A-B: A:p=0.01
11.91%;
p=0.10 B:p=0.07
0.12±0.03

END

ERM

LICHEN

MULT

MULT_NM

other

n=4, 0.04%; n=3, 0.13%; n=1, 0.3%; n=4, 0.01%; n=2, 0.17%; n=2, 0.28%;
0±0
0±0
0±0
0±0
0±0
0±0
n=54,
36.14%;
0.36±0.03

n=48,
39.58%;
0.4±0.03

n=37,
41.12%;
0.41±0.06

n=51,
29.23%;
0.29±0.04

n=43,
29.16%;
0.29±0.07

n=32,
31.07%;
0.31±0.1

n=8, 0.35%; n=11, 0.55%; n=6, 2.19%; n=8, 0.64%; n=5, 0.05%; n=5, 0.43%;
0±0
0.01±0
0.02±0.01
0.01±0
0±0
0±0
ERM:A-C:
n=13,
n=9, 0.78%; n=7, 0.01%; n=13, 0.67%; n=5, 0.07%; n=5, 0.07%; p=0.07;
0.44%; 0±0 0.01±0.01
0±0
0.01±0
0±0
0±0
ERM:B-C:
p=0.04
n=76,
n=69,
n=32, 5.84%; n=61, 8.09%; n=42, 6.32%; n=24, 5.63%;
12.32%;
12.46%;
0.06±0.01
0.08±0.02
0.06±0.02
0.06±0.02
0.12±0.02 0.12±0.03
n=17,
0.62%;
0.01±0

n=8, 2.9%; n=2, 0.13%; n=12, 0.73%; n=7, 0.98%; n=2, 0.56%; ERM:B-C:
0.03±0.01
0±0
0.01±0
0.01±0
0.01±0.01
p=0.05

PATH

n=24, n=14, 0.45%; n=8, 0.24%; n=18, 0.93%; n=9, 0.74%; n=5, 0.22%;
0.31%;0±0
0±0
0±0
0.01±0.01
0.01±0.01
0±0

p_ERM

n=35,
n=30, 8.57%; n=20, 21.7%; n=35, 8.35%; n=28, 8.09%; n=22, 8.2%;
10.42%;
0.09±0.02
0.22±0.03
0.08±0.02
0.08±0.03
0.08±0.04
0.1±0.02

put_DSE

SAP

unknown

A:p=0.04
C:p=0.05

C:p=0.03

ERM:A-C:
n=4, 0.6%; n=4, 2.12%; n=3, 0.44%; p=0.01;
0.01±0
0.02±0.02
0±0
ERM:B-C:
p=0.01
n=108,
n=104,
n=42,
n=95, 4.9%; n=49, 3.72%;
n=56, 4.01%;
6.18%;
7.78%;
14.14%;
0.05±0.01
0.04±0.02
0.04±0.02
0.06±0.02
0.08±0.02
0.14±0.08

n=5, 1.63%; n=4, 2.65%; n=3, 1.5%;
0.02±0.01 0.03±0.01
0.01±0.01

n=217,
10.52%;
0.11±0.02

n=144,
10.02%;
0.1±0.02

n=65,
n=159, 4.3%; n=96, 5.29%; n=51, 8.6%;
11.96%;
0.04±0.01
0.05±0.01
0.09±0.05
0.12±0.04

B:p=0.09
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Table 4A. Number of OTUs and RA of each phylum for both plot types and any
significant differences in RA between plot types. n=number of OTUs, followed by RA,
then mean, and standard error are presented. Comparisons were completed with MannWhitney-Wilcoxin tests.
Phylum

Control

Greenhouse

Ascomycota

n=385, 80.26%; 0.8 ± 0.03 n=508, 79.48%; 0.79 ± 0.02

Basidiomycota

n=145, 17.46%; 0.17 ± 0.03 n=221, 17.32%; 0.17 ± 0.02

Chytridiomycota

n=4, 0.06%; 0 ± 0

n=5, 0.01%; 0 ± 0

Glomeromycota

NA

n=1, 0%; 0 ± 0

Mortierellomycota

n=9, 0.2%; 0 ± 0

n=17, 0.68%; 0.01 ± 0

Mucoromycota

n=5, 0.12%; 0 ± 0

n=8, 0.06%; 0 ± 0

unknown

n=44, 1.75%; 0.02 ± 0.01

n=64, 2.27%; 0.02 ± 0.01

Zygomycota

n=3, 0.15%; 0 ± 0

n=6, 0.18%; 0 ± 0

sig.

p=0.03

p=0.08
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Table 4B. Number of OTUs and RA of each guild for both plot types and any significant
differences in RA between plot types. n=number of OTUs, followed by RA, then mean,
and standard error are presented. Comparisons were completed with Mann-WhitneyWilcoxin tests.
Guild

Control (CB)

greenhouse (GH)

sig.

AM
DSE

NA
n=23, 7.24%; 0.07 ± 0.02

n=1, 0%; 0 ± 0
n=26, 12.39%; 0.12 ± 0.02

p=0.34
p=0.05

ECM

n=67, 13.98%; 0.14 ± 0.03 n=85, 16.56%; 0.17 ± 0.03

p=0.83

END
ERM

n=4, 0.07%; 0 ± 0

n=4, 0.16%; 0 ± 0

n=45, 38.71%; 0.39 ± 0.03 n=61, 31.81%; 0.32 ± 0.02

p<0.01
p=0.1

LICHEN

n=11, 0.62%; 0.01 ± 0

n=11, 0.54%; 0.01 ± 0

p=0.12

MULT

n=9, 0.2%; 0 ± 0

n=17, 0.68%; 0.01 ± 0

p=0.03

MULT_NM

n=69, 11.9%; 0.12 ± 0.02

n=103, 8.08%; 0.08 ± 0.01

p=0.81

other

n=16, 1.12%; 0.01 ± 0

n=15, 1.22%; 0.01 ± 0

p=0.22

PATH

n=20, 0.15%; 0 ± 0

n=29, 0.79%; 0.01 ± 0

p=0.09

p_ERM

n=35, 11.17%; 0.11 ± 0.02

n=37, 9.42%; 0.09 ± 0.01

p=0.88

put_DSE

n=5, 2.9%; 0.03 ± 0.01

n=6, 0.52%; 0.01 ± 0

p=0.32

SAP

n=104, 3.37%; 0.03 ± 0.01 n=155, 8.83%; 0.09 ± 0.02

p=0.12

unknown

n=187, 8.58%; 0.09 ± 0.01 n=280, 9.02%; 0.09 ± 0.01

p=0.6
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Table S5A. Number of OTUs and RA of each phylum for each host type and plot type
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Comparisons were
completed with Mann-Whitney-Wilcoxin tests. GH=Greenhouse, C=Control;
ERM=ericoid mycorrhizal, ECM=ectomycorrhizal
Phylum

C:ERM

GH:ERM

C:ECM

GH:ECM

sig. (treat)

sig. (host)

Ascomycota

n=309,
n=428, 82.37%; n=266, 68.19%; n=351, 75.34%;
84.72%;
0.82 ± 0.02
0.68 ± 0.07
0.75 ± 0.05
0.85 ± 0.02

CB: p=0.02

Basidiomycota

n=114,
n=187, 13.25%; n=116, 30.92%; n=139, 23.16%;
12.48%;
0.13 ± 0.02
0.31 ± 0.07
0.23 ± 0.05
0.12 ± 0.02

CB: p=0.06;
GH: p=0.09

Chytridiomycota

n=3, 0.07%; n=4, 0.02%; 0 ±
n=2, 0%; 0 ± 0
0±0
0

n=2, 0%;
0±0

Glomeromycota

NA

NA

NA

n=1, 0.01%;
0±0

Mortierellomycota

n=9, 0.2%;
0±0

n=16, 0.85%;
0.01 ± 0

N=6, 0.19%;
0±0

n=13, 0.44%;
0±0

Mucoromycota

n=3, 0.15%;
0±0

n=7, 0.04%;
0±0

n=4, 0.04%;
0±0

N=7, 0.08%;
0±0

CB: p=0.04

n=36, 2.19%; n=55, 3.28%;
0.02 ± 0.01
0.03 ± 0.01

n=19, 0.59%;
0.01 ± 0

n=31, 0.83%;
0.01 ± 0

CB: p=0.04

unknown

Zygomycota

n=3, 0.18%; n=6, 0.19%; 0 ± n=2, 0.07%; 0 ± n=2, 0.15%; 0 ±
0±0
0
0
0

ERM: p=0.09
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Table 5B. Number of OTUs and RA of each guild for each host type and plot type
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Comparisons were
completed with Mann-Whitney-Wilcoxin tests.
Guild

CB:ERM

GH:ERM

CB:ECM

GH:ECM

AM

NA

NA

NA

n=1, 0.01%; 0 ± 0

n=19, 5.6%;

n=23, 11.55%;

n=21, 11.67%;

n=21, 13.59%;

ERM:

0.06 ± 0.01

0.12 ± 0.02

0.12 ± 0.04

0.14 ± 0.03

p=0.03

n=54, 9.37%;

n=75, 10.5%;

n=57, 26.43%;

n=63, 25.27%;

C:

0.09 ± 0.02

0.11 ± 0.02

0.26 ± 0.07

0.25 ± 0.06

p=0.11

n=4, 0.04%;0 ± 0

n=3, 0.19%;0 ± 0

n=3, 0.14%;0 ± 0

n=4, 0.11%;0 ± 0

n=39, 42.2%;

n=59, 33.24%;

n=38, 29.27%;

n=52, 29.74%;

ERM:

C:

0.42 ± 0.03

0.33 ± 0.03

0.29 ± 0.05

0.3 ± 0.05

p<0.01

p=0.03

n=7, 0.28%;0 ± 0

n=8, 0.47%;0 ± 0

n=6, 0.19%;0 ± 0

n=13, 0.44%;0 ± 0

n=49, 9.14%;

n=61, 5.67%;

DSE
ECM
EnD
ERM
LICHEn
MULT
MULT_nM
other
PATH
p_ERM
put_DSE
SAP
unknown

n=9, 0.75%;0.01 ± 0

n=10, 0.59%;0.01 ±
0

n=9, 0.2%;

n=16, 0.85%;0.01 ±

0±0

0

n=58, 12.92%;

n=86, 9.75%;

0.13 ± 0.02

0.1 ± 0.01

0.09 ± 0.02

0.06 ± 0.01

n=12, 1.25%;

n=14, 1.52%;

n=12, 0.77%;

n=6, 0.79%;

sig. (treat) sig. (host)

0.01 ± 0.01

0.02 ± 0.01

0.01 ± 0

0.01 ± 0

n=14, 0.09%;

n=24, 0.66%;

n=12, 0.33%;

n=16, 0.97%;

ERM:

GH:

0±0

0.01 ± 0

0±0

0.01 ± 0.01

p=0.01

p=0.13

n=32, 12.13%;

n=30, 10.39%;

n=26, 8.57%;

n=33, 8.02%;

0.12 ± 0.02

0.1 ± 0.02

0.09 ± 0.02

0.08 ± 0.02

n=3, 3.17%;

n=4, 0.58%;

n=5, 2.16%;

n=4, 0.43%;

0.03 ± 0.01

0.01 ± 0

0.02 ± 0.01

0±0

n=84, 2.34%;

n=127, 8.94%;

n=65, 6.14%;

n=106, 8.67%;

ERM:

0.02 ± 0

0.09 ± 0.02

0.06 ± 0.02

0.09 ± 0.03

p=0.05

n=140, 9.94%;

n=232, 11.24%;

n=114, 4.91%;

n=158, 5.82%;

0.1 ± 0.02

0.11 ± 0.02

0.05 ± 0.01

0.06 ± 0.02

208
Table 6A. Number of OTUs and RA of each Phylum for each plot type and depth class
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Comparisons between plot
types by depth were completed with Mann-Whitney-Wilcoxin tests. Depth comparisons
by plot type were completed using Kruskal-Wallace tests and Benjamani-Hochberg
corrections have been applied to the p values for all posthoc pairwise comparisons.
phylum

Ascomycota

Basidiomycota

Chytridiomycota
Glomeromycota
Mortierellomycota

Mucoromycota

unknown

Zygomycota

CB:A
n=296,
75.5%;
0.75 ± 0.04
n=115,
22.82%;
0.23 ± 0.04
n=4,
0.02%; 0 ±
0

CB:B

CB:C

GH:A

GH:B

GH:C

sig (depth) sig (treat)

n=230,
n=141,
n=422,
n=316,
n=190,
83.99%;
87.86%;
76.93%; 79.88%; 0.8 86.14%;
0.84 ± 0.05 0.88 ± 0.02 0.77 ± 0.04
± 0.04
0.86 ± 0.04
n=96,
n=51,
n=176,
n=121,
n=78,
13.57%; 8.29%; 0.08 20.92%;
16.59%; 8.31%; 0.08
0.14 ± 0.05
± 0.03
0.21 ± 0.04 0.17 ± 0.04
± 0.02
n=2, 0%; 0 n=1, 0.26%; n=4, 0.02%; n=2, 0%; 0
±0
0±0
0±0
±0

NA

C: p=0.08

n=1, 0.01%;
NA
0±0
n=9,
n=16,
n=10,
n=7, 0.18%; n=2, 0.02%;
n=8, 0.05%;
0.27%; 0 ±
0.77%; 0.01 0.83%; 0.01
B: p=0.08
0±0
0±0
0±0
0
±0
± 0.01
n=4,
n=3, 0.01%; n=2, 0.03%; n=7, 0.05%; n=6, 0.08%; n=2, 0.02%;
0.22%; 0 ±
B: p=0.04
0±0
0±0
0±0
0±0
0±0
0
n=29,
n=17,
n=44,
n=34,
n=11,
n=9, 3.49%;
1.04%; 2.01%; 0.02
1.04%; 0.01 2.48%; 0.02 5.44%; 0.05
0.03 ± 0.02
0.01 ± 0
± 0.01
±0
± 0.01
± 0.03
n=3,
n=2, 0.23%; n=1, 0.06%; n=4, 0.26%; n=4, 0.12%; n=2, 0.05%; GH:A-C:
0.12%; 0 ±
A: p=0.03
0±0
0±0
0±0
0±0
0±0
p=0.02
0
NA

NA

NA

NA
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Table 6B. Number of OTUs and RA of each guild for each plot type and depth class
combination and any significant differences in RA between them. n=number of OTUs,
followed by RA, then mean, and standard error are presented. Comparisons between plot
types by depth were completed with Mann-Whitney-Wilcoxin tests. There were no
significant differences between any groups for depth or warming treatment.
CB:A
AM
DSE

ECM

NA
n=19,
5.99%0.06; 0.01
n=57,
17.86%0.18;
0.04

END

35.59%0.36;
0.04

LICHEN
MULT

n=8, 0.27%0; 0

MULT_NM

other
PATH

12.11%0.12;
0.02
n=12,
0.91%0.01; 0

put_DSE
SAP
unknown

0.04

n=49, 10.37%0.1; n=49, 10.37%0.1;
0.05

n=32,

0.05

11.36%0.11;

GH:C

NA
n=24,

n=1, 0.01%0; 0
n=16,

NA
n=15,

11.74%0.12; 0.03 10.57%0.11; 0.03 18.85%0.19; 0.05
n=73,

n=55,

18.09%0.18; 0.04 18.71%0.19; 0.06
n=3, 0.12%0; 0

n=32,

n=53,

n=52,

n=41, 6.61%0.07;
0.02
n=2, 0.58%0.01;
0
n=35,

39.47%0.39; 0.04 39.47%0.39; 0.04 32.12%0.32; 0.03 33.42%0.33; 0.05 26.81%0.27; 0.07
n=6, 0.59%0.01; n=6, 0.59%0.01; n=8, 0.63%0.01;
0

n=47,

0
n=7, 0.18%0; 0
n=47,

14.59%0.15; 0.04 14.59%0.15; 0.04
n=8, 1.99%0.02; n=8, 1.99%0.02;
0.01

0.01

n=8, 0.21%0; 0

0
n=16, 0.77%0.01; n=10, 0.83%0.01;
0

0.01

n=3, 1.09%0.01;
0.01
n=8, 0.05%0; 0

n=80, 9.72%0.1; n=61, 7.07%0.07; n=36, 5.66%0.06;
0.02
n=13, 0.39%0; 0

0.01
n=7, 2.47%0.02;

0.01
n=24, 0.84%0.01; n=13, 0.95%0.01;
0

0

n=25, 7.65%0.08; n=25, 7.65%0.08; n=36, 8.05%0.08; n=31, 9.01%0.09;

0.01
0.02
0.02
n=74, 3.5%0.03; n=58, 2.48%0.02; n=58, 2.48%0.02;

9.85%0.1; 0.02

GH:B

n=4, 0.05%0; 0

0.02
0.02
0.03
n=4, 2.08%0.02; n=4, 5.03%0.05; n=4, 5.03%0.05;

0.01
n=133,

GH:A

n=3, 0.18%0; 0

n=13, 0.2%0; 0 n=10, 0.04%0; 0 n=10, 0.04%0; 0
n=32,

p_ERM

0.04

n=9, 0.27%0; 0 n=7, 0.18%0; 0
n=54,

CB:C

NA
NA
n=15, 10.8%0.11; n=15, 10.8%0.11;

n=4, 0.01%0; 0 n=3, 0.18%0; 0
n=41,

ERM

CB:B

0.02
n=4, 0.46%0; 0
n=124,

0.02

0.01
n=2, 0.6%0.01; 0
n=7, 0.23%0; 0
n=17,
14.54%0.15; 0.06

n=4, 0.43%0; 0 n=4, 0.9%0.01; 0
n=90, 6.3%0.06;

n=52,

0.01
0.01
10.07%0.1; 0.03
0.01
11.41%0.11; 0.07
n=93, 6.63%0.07; n=93, 6.63%0.07;
n=214,
n=143, 9.89%0.1;
n=69,
0.02

0.02

7.07%0.07; 0.02

0.02

12.66%0.13; 0.05
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Table S7A. The OTUs that were either the most abundant in either the control or
greenhouse were compared between control and greenhouse plots. The mean and
standard error for each OTU is shown overall, control, and greenhouse plots. Any
significant differences between control and greenhouse plots are shown in the
significance column.
OTU

Overall

Control

Greenhouse

sig.

OTU1
OTU15
OTU18
OTU19
OTU2
OTU20
OTU25
OTU31
OTU4
OTU47
OTU53
OTU6
OTU9
OTU990

0.13 ± 0.01
0.02 ± 0.02
0.01 ± 0.01
0.02 ± 0.01
0.09 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0.02 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0.03 ± 0.01
0.04 ± 0.01
0.01 ± 0.01

0.16 ± 0.02
0.01 ± 0.01
0±0
0.01 ± 0.01
0.12 ± 0.02
0.02 ± 0.01
0±0
0±0
0.03 ± 0.02
0±0
0±0
0.03 ± 0.02
0.01 ± 0
0±0

0.16 ± 0.02
0.01 ± 0.01
0±0
0.01 ± 0.01
0.12 ± 0.02
0.02 ± 0.01
0±0
0±0
0.03 ± 0.02
0±0
0±0
0.03 ± 0.02
0.01 ± 0
0±0

p=0.01
p<0.01
p=0.03
p<0.01
p=0.01

p<0.01
p<0.01
p<0.01

Table S7B. The OTUs that were either the most abundant in either the control or
greenhouse were compared between control and greenhouse plots. The mean and
standard error for each OTU is shown for ericoid (ERM) and ectomycorrhizal (ECM)
hosts. Any significant differences between host types are shown in the significance (sig)
column.
OTU

ERM

ECM

sig. (hosts)

OTU1
OTU15
OTU18
OTU19
OTU2
OTU20
OTU25
OTU31
OTU4
OTU47
OTU53
OTU6
OTU9
OTU990

0.16 ± 0.02
0±0
0.02 ± 0.01
0.03 ± 0.01
0.12 ± 0.01
0.01 ± 0.01
0.01 ± 0.01
0±0
0.02 ± 0.01
0±0
0±0
0.01 ± 0
0.02 ± 0.01
0±0

0.07 ± 0.02
0.05 ± 0.04
0±0
0.01 ± 0
0.04 ± 0.01
0±0
0±0
0.03 ± 0.03
0.01 ± 0.01
0.02 ± 0.02
0.02 ± 0.03
0.05 ± 0.03
0.07 ± 0.02
0.02 ± 0.03

p<0.01
p=0.02

p<0.01

p=0.06
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Table S7C. Relative abundance (RA); mean, and standard error are presented for each
sample grouping. Significant differences between groups can be found at the bottom of
the table. Pair differences were tested with Mann-Wilcox-Whitney tests, and multiple
comparisons (depth classes) were completed using Kruskal-Wallace tests with the
Benjamini-Hochberg method.
otu
OTU1

CB:ERM

GH:ERM CB:ECM GH:ECM

host()

0.19 ± 0.03 0.12 ± 0.02 0.08 ± 0.03 0.06 ± 0.02 CB: p=0.02; GH: p=0.02

OTU15

0±0

0±0

0.04 ± 0.02 0.06 ± 0.08

OTU18

0±0

0.04 ± 0.02

0±0

0±0

OTU19

0.01 ± 0.01 0.04 ± 0.02

0±0

0.01 ± 0.01

OTU2

0.15 ± 0.02 0.08 ± 0.01 0.05 ± 0.01 0.04 ± 0.02

OTU20

0.02 ± 0.02 0.01 ± 0

0.01 ± 0

0±0

0±0

0±0

treat()
ERM: p=0.05

CB: p<0.01
GH: p=0.01

ERM: p<0.01; ECM: p=0.04

CB: p<0.01; p=0.02

ERM: p=0.01

CB: p<0.01

ERM: p<0.01

OTU25

0±0

0.02 ± 0.02

OTU31

0±0

0.01 ± 0.01 0.01 ± 0.02 0.04 ± 0.04

OTU4

0.04 ± 0.02

0±0

0.01 ± 0.01 0.01 ± 0.01

OTU47

0±0

0±0

0.01 ± 0.01 0.02 ± 0.04

OTU53

0±0

0±0

OTU6

0±0

0.02 ± 0.01 0.02 ± 0.02 0.02 ± 0.01 CB: p=0.06; GH: 0.08 ERM: p=0.03; ECM: p=0.07

OTU9

0±0

0.05 ± 0.02

0±0

0.1 ± 0.03

ERM: p<0.01; ECM: p=0.01

OTU990

0±0

0±0

0±0

0.03 ± 0.04

ERM: p=0.01

NA

0.04 ± 0.04

ERM: p=0.03
GH: p=0.04

ECM: p=0.01
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Chapter 3 supplemental file figures

Figure S1. Venn diagrams showing the number of fungal OTUs for each depth overall, by
host type, and by treatment type. ERM=ericoid hosts, ECM=ectomycorrhizal hosts.
A=depth A (0-5 cm), B=depth B (~5-15 cm), C=depth C (~15 + cm).
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Figure S2. Shifts in diversity by depth class. a) Rarefaction by depth, b) Observed and
Chao1 diversity Kruskal-Wallace comparisons. Green = depth A (0-5 cm), tan = depth B
(~5-15 cm), blue = depth C (~15 + cm).

Figure S3. Observed richness and Chao1 diversity estimate Kruskal-Wallace
comparisons by host type across all plots. (a), in control plots (b), and in greenhouse plots
(c). ERM=ericoid hosts, ECM=ectomycorrhizal hosts.
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General conclusions

Warming has directly impacted boreal and arctic ecosystems by increasing
permafrost thaw, and indirectly through vegetation shifts, and notably, increases in fire
severity and extent in the boreal forest (Balshi et al., 2009; Barrett, McGuire, Hoy, &
Kasischke, 2011; Berner, Jantz, Tape, & Goetz, 2018; Osterkamp & Romanovsky, 1999).
Fire reduces fungal inoculum, can reduce diversity, and results in communities dominated
by fungi from the spore bank or those that produce resistant propagules (Baar, Horton,
Kretzer, & Bruns, 1999; Glassman, Levine, DiRocco, Battles, & Bruns, 2016; Taylor &
Bruns, 1999). In Alaska, severe fires are linked to shifts in vegetation dominance and
nearby spread of lodgepole pine (Johnstone & Chapin, 2003; Johnstone, Hollingsworth,
Chapin, & Mack, 2010). Fungal communities can take decades to recover from fire, and
subsequent shifts in successional trajectories and introduction of new hosts could further
alter fungal communities in these forests over the long term (Treseder, Mack, & Cross,
2004; Visser, 1995). The effects of fire induced fungal shifts on different host species and
their role in the direction of ecosystem recovery are poorly understood. Similarly,
warming in the Alaskan arctic has also led to increases in deciduous dominance,
particularly of Betula and Salix. The increase of these hosts has already been linked to
changes in fungal abundance. However, there is conflicting evidence concerning shifts in
their fungal composition, and very little information about how codominant ericoid shrub
fungal communities are affected (Clemmensen, Michelsen, Jonasson, & Shaver, 2006;
Fujimura & Egger, 2012; Geml, Semenova, Morgado, & Welker, 2016).
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Effects of increasing fire severity on mycorrhizal fungal communities

The results from our extensive observational plus experimental study in the boreal
forests of Interior Alaska demonstrate high fire severity burns result in similar, but
magnified shifts in fungal communities compared to low severity burns, suggesting
increases in fire severity could increase already slow recovery time for fungal
communities (Treseder et al., 2004; Visser, 1995). Fungal communities overlapped
among four different host species across the entire fire severity gradient, and their
differentiation and beta diversity declined with fire severity, which could lead to
homogenized fungal communities across large regions. Similar fungal community
convergence was observed on ectomycorrhizal piñon pine hosts in Arizona with
increasing drought, parasite, and plant competition pressure, a concept termed
‘community disassembly’ (Gehring, Mueller, Haskins, Rubow, & Whitham, 2014). The
results from Gehring et al. 2014 along with those from Chapter One suggest that both
alpha and beta fungal diversity decrease with increasing host stress. However, among this
reduced assemblage of fungi, there was still evidence for host preference in the form of
weakly, but statistically significant difference in fungal community composition among
hosts. We also found fungal communities associated with conifer seedlings were more
strongly affected by fire severity than those on aspen seedlings. Lodgepole pine seedlings
hosted a fairly diverse assemblage of fungi in the genus-Suillus, which has not previously
been documented in the region and contains predominantly pine-specific species (Bruns,
Bidartondo, & Taylor, 2002; Molina, Massicotte, & Trappe, 1992). Suillus tomentosus
was among the species recovered on pine seedlings, and this fungus can host nitrogen

216
fixing bacteria in its tuberculate structures that contribute substantial amounts of nitrogen
at the stand level. Thus, the spread of lodgepole pine and its fungi could drastically alter
nutrient cycling in the nitrogen poor boreal forest (Paul, Chapman, & Chanway, 2007;
Leslie R. Paul, Chapman, & Chanway, 2012). Overall taxonomic trends with increasing
fire severity included declines in ectomycorrhizal fungi and increases in ericoid
mycorrhizal and dark septate fungi (DSE), for which potential functional consequences
were discovered in chapter two.

Correlations of post-fire fungal communities with differential host growth of boreal
seedlings

Ectomycorrhizal fungal genera that were found to be highly abundant in chapter
one were correlated with greater biomass of all four host species, with the exception of
Thelephora on lodgepole pine hosts, possibly representing an example of local coadaptation (Hoeksema, 2010; Rúa et al., 2018). All ericoid mycorrhizal fungal genera
examined also displayed positive correlations with host biomass, suggesting their
increase with fire severity should not negatively impact regenerating seedlings. However,
DSE genera displayed primarily negative correlations with all hosts except for white
spruce. The OTUs comprising the majority of the DSE genera we tested differed between
white spruce and the other hosts, supporting previous findings on the importance of DSE
strain for host outcome and the riskiness of DSE symbioses (Alberton, Kuyper, &
Summerbell, 2010; Newsham, 2011; Tellenbach, Grünig, & Sieber, 2011). The magnitude
of effect of several fungal genera were dependent on interaction with other fungal genera
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as well as environmental conditions, highlighting the importance of context dependency
when evaluating the function of mycorrhizal symbioses (Chamberlain, Bronstein, &
Rudgers, 2014; Jonsson, Nilsson, Wardle, & Zackrisson, 2001). Suillus had a very strong
positive correlation with lodgepole pine biomass and showed weak dependency on fire
severity that magnified its effects. The positive effect of Suillus RA on lodgepole pine
growth, along with the results demonstrating Suillus RA increases with fire severity
suggests it may contribute to rapid spread of lodgepole pine if it should escape
plantations, which is in agreement with a recent review proposing the genus as a driver of
global pine invasions (Policelli, Bruns, Vilgalys, & Nuñez, 2019)

Effects of warming on mycorrhizal fungal communities of two host types in the Arctic

In concert with results from the boreal forest, responses of fungal community
composition to environmental change in the arctic were dependent on host identity.
Nearly thirty years of summer warming had stronger effects on ericoid compared to
ectomycorrhizal hosts, increasing the diversity and changing the composition of their
fungal communities. Although ericoid and ectomycorrhizal hosts had significantly
different communities in both control and warming plots, warming reduced the
magnitude of their differences, which was likely due to declines in ericoid mycorrhizal
fungi and increases in DSE, making them more similar to the overall composition of
ectomycorrhizal shrub fungal communities. Fungal communities were also differentially
affected by depth, with the shallowest and deepest fungal communities experiencing
stronger compositional shifts. Increases in saprotrophs at the shallowest depths with
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warming may reflect the the overall declining health of ericoid hosts resulting in lower
defenses against saprotrophs. In the deepest layers warming resulted in large increases in
DSE and fungi that we could not assign to guild, usually due to poor taxonomic
resolution. The variable impacts of DSE on plants make it difficult to draw conclusions
regarding the significance of these shifts (Alberton et al., 2010; Tellenbach et al., 2011).
The increase in poorly identified taxa with warming suggests a less well documented and
understood fungal community is activated or increased by warming, and underscores the
importance of improving fungal reference databases.

Final conclusions

The results across all three studies reveal dramatic, but complex shifts in fungal
communities that could be masked if examined at higher taxonomic levels, on a single
host, or from homogenized communities from soil or roots from multiple host species.
This work highlights the importance of accounting for host species when examining
mycorrhizal fungal community response, and context when studying their influence on
ecosystem response. Hosts were differentially affected by fire and warming in both
composition and magnitude of shifts in their fungal communities. In both ecosystems, the
fungal communities of hosts increasing in dominance displayed weaker responses to their
respective environmental changes. This suggests that host ability to persist or increase on
the landscape could be linked to the resilience of their fungal communities, or
alternatively, their improved performance over other hosts could lead to the resilience of
their fungal communities. Although ericoid mycorrhizal fungi increased with fire severity
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in the boreal forest, and declined with warming in the arctic, DSE increased in both
ecosystems, suggesting a widespread positive correlation of DSE colonization with
global change. This is supported by research reporting increases in DSE with elevated
CO2 (Olsrud, Carlsson, Svensson, Michelsen, & Melillo, 2010). The majority of
abundant DSE genera resulted in negative correlations with growth of multiple host
species in the boreal forest, but their functions in association with the arctic hosts is
unknown. Fungal communities of ectomycorrhizal hosts in both studies were comprised
of a substantial proportion of ericoid mycorrhizal fungi, highlighting their poorly
understood ecologies and increasingly acknowledged widespread occurrence. The ability
of these fungi to form common mycorrhizal networks is unknown, but overlap in fungal
communities between resprouting ericoid shrubs and ectomycorrhizal seedlings
regenerating after forest fire was positively correlated with the growth of ectomycorrhizal
seedlings, thus resprouting ericoid shrubs have been proposed as hubs of mycorrhizal
inoculum for seedlings post-fire and could be the reason for their increasing abundance
with fire severity (Hewitt, Chapin, Hollingsworth, & Taylor, 2017). There was a
significant decline in ericoid mycorrhizal fungi on ericoid hosts, but a stasis of ericoid
mycorrhizal fungi on ectomycorrhizal hosts with warming in the Arctic, suggesting these
fungi are more sensitive to decreased carbon input from ericoid mycorrhizal hosts than
increased carbon input from ectomycorrhizal hosts. In both studies there were large
numbers of poorly identified taxa, highlighting the need for improving fungal reference
databases. The inability to assign several fungi to guilds or lack of confidence in guild
assignments reflects our currently poor understanding of fungal diversity and function. If
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the response of these ecosystems does indeed hinge on the taxonomic and hence
functional shifts in mycorrhizal fungal communities, it is imperative to improve our
understanding of the controls governing their composition and responses. This
dissertation reveals taxonomic shifts towards greater abundance of DSE across biomes
and in response to different ecosystem perturbations and also highlights the importance of
context in shaping fungal communities and their reciprocal influences on vegetation.

221
Literature cited
Alberton, O., Kuyper, T. W., & Summerbell, R. C. (2010). Dark septate root endophytic
fungi increase growth of Scots pine seedlings under elevated CO2 through enhanced
nitrogen use efficiency. Plant and Soil, 328(1), 459–470. https://doi.org/10.1007/s11104009-0125-8
Apps, M. J., Kurz, W. A., Luxmoore, R. J., Nilsson, L. O., Sedjo, R. A., Schmidt, R., …
Vinson, T. S. (1993). Boreal forests and tundra. Water, Air, and Soil Pollution, 70(1–4),
39–53. https://doi.org/10.1007/BF01104987
Averill, C., Turner, B. L., & Finzi, A. C. (2014). Mycorrhiza-mediated competition
between plants and decomposers drives soil carbon storage. Nature, 505(7484), 543–545.
https://doi.org/10.1038/nature12901
Baar, J., Horton, T. R., Kretzer, A. M., & Bruns, T. D. (1999). Mycorrhizal colonization
of Pinus muricata from resistant propagules after a stand-replacing wildfire. New
Phytologist, 143(2), 409–418. https://doi.org/10.1046/j.1469-8137.1999.00452.x
Balshi, M. S., Mcguire, A. D., Duffy, P., Flannigan, M., Kicklighter, D. W., & Melillo, J.
(2009). Vulnerability of carbon storage in North American boreal forests to wildfires
during the 21st century. Global Change Biology, 15(6), 1491–1510.
https://doi.org/10.1111/j.1365-2486.2009.01877.x
Barrett, K., McGuire, A. D., Hoy, E. E., & Kasischke, E. S. (2011). Potential shifts in
dominant forest cover in interior Alaska driven by variations in fire severity. Ecological
Applications, 21(7), 2380–2396. https://doi.org/10.1890/10-0896.1
Berner, L. T., Jantz, P., Tape, K. D., & Goetz, S. J. (2018). Tundra plant above-ground
biomass and shrub dominance mapped across the North Slope of Alaska. Environmental
Research Letters, 13(3), 035002. https://doi.org/10.1088/1748-9326/aaaa9a
Bhatti, J. S., Apps, M. J., & Tarnocai, C. (2002). Estimates of soil organic carbon stocks
in central Canada using three different approaches. Canadian Journal of Forest Research,
32(5), 805–812. https://doi.org/10.1139/x01-122
Bruns, T. D., Bidartondo, M. I., & Taylor, D. L. (2002). Host Specificity in
Ectomycorrhizal Communities: What Do the Exceptions Tell Us? Integrative and
Comparative Biology, 42(2), 352–359. https://doi.org/10.1093/icb/42.2.352
Chamberlain, S. A., Bronstein, J. L., & Rudgers, J. A. (2014). How context dependent are
species interactions? Ecology Letters, 17(7), 881–890. https://doi.org/10.1111/ele.12279

222
Chapin, F. S., Mcguire, A. D., Randerson, J., Pielke, R., Baldocchi, D., Hobbie, S. E., …
Running, S. W. (2000). Arctic and boreal ecosystems of western North America as
components of the climate system. Global Change Biology, 6(S1), 211–223.
https://doi.org/10.1046/j.1365-2486.2000.06022.x
Clemmensen, K. E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad, A., Wallander, H.,
… Lindahl, B. D. (2013). Roots and Associated Fungi Drive Long-Term Carbon
Sequestration in Boreal Forest. Science, 339(6127), 1615.
https://doi.org/10.1126/science.1231923
Clemmensen Karina E., Finlay Roger D., Dahlberg Anders, Stenlid Jan, Wardle David A.,
& Lindahl Björn D. (2014). Carbon sequestration is related to mycorrhizal fungal
community shifts during long‐term succession in boreal forests. New Phytologist, 205(4),
1525–1536. https://doi.org/10.1111/nph.13208
Clemmensen, Karina E., Michelsen, A., Jonasson, S., & Shaver, G. R. (2006). Increased
ectomycorrhizal fungal abundance after long-term fertilization and warming of two arctic
tundra ecosystems. New Phytologist, 171(2), 391–404. https://doi.org/10.1111/j.14698137.2006.01778.x
Fujimura, K. E., & Egger, K. N. (2012). Host plant and environment influence
community assembly of High Arctic root-associated fungal communities. Fungal
Ecology, 5(4), 409–418. https://doi.org/10.1016/j.funeco.2011.12.010
Gehring, C. A., Mueller, R. C., Haskins, K. E., Rubow, T. K., & Whitham, T. G. (2014).
Convergence in mycorrhizal fungal communities due to drought, plant competition,
parasitism and susceptibility to herbivory: Consequences for fungi and host plants.
Frontiers in Microbiology, 5. https://doi.org/10.3389/fmicb.2014.00306
Geml, J., Semenova, T. A., Morgado, L. N., & Welker, J. M. (2016). Changes in
composition and abundance of functional groups of arctic fungi in response to long-term
summer warming. Biology Letters, 12(11). https://doi.org/10.1098/rsbl.2016.0503
Glassman, S. I., Levine, C. R., DiRocco, A. M., Battles, J. J., & Bruns, T. D. (2016).
Ectomycorrhizal fungal spore bank recovery after a severe forest fire: some like it hot.
The ISME Journal, 10(5), 1228–1239. https://doi.org/10.1038/ismej.2015.182
Hewitt, R. E., Chapin, F. S., Hollingsworth, T. N., & Taylor, D. L. (2017). The potential
for mycobiont sharing between shrubs and seedlings to facilitate tree establishment after
wildfire at Alaska arctic treeline. Molecular Ecology, 26(14), 3826–3838.
https://doi.org/10.1111/mec.14143

223
Hoeksema, J. D. (2010). Ongoing coevolution in mycorrhizal interactions: Tansley
review. New Phytologist, 187(2), 286–300. https://doi.org/10.1111/j.14698137.2010.03305.x
Johnstone, J. F., & Chapin, F. S. (2003). Non-equilibrium succession dynamics indicate
continued northern migration of lodgepole pine. Global Change Biology, 9(10), 1401–
1409. https://doi.org/10.1046/j.1365-2486.2003.00661.x
Johnstone, J. F., Hollingsworth, T. N., Chapin, F. S., & Mack, M. C. (2010). Changes in
fire regime break the legacy lock on successional trajectories in Alaskan boreal forest.
Global Change Biology, 16(4), 1281–1295. https://doi.org/10.1111/j.13652486.2009.02051.x
Jonsson, L. M., Nilsson, M.-C., Wardle, D. A., & Zackrisson, O. (2001). Context
Dependent Effects of Ectomycorrhizal Species Richness on Tree Seedling Productivity.
Oikos, 93(3), 353–364.
Molina, R., Massicotte, H., & Trappe, J. (1992). Specificity phenomena in mycorrhizal
symbioses: Community-ecological consequences and practical implications. Mycorrhizal
Functioning: An Integrative Plant-Fungal Process,.
Newsham, K. K. (2011). A meta-analysis of plant responses to dark septate root
endophytes. New Phytologist, 190(3), 783–793. https://doi.org/10.1111/j.14698137.2010.03611.x
Olsrud, M., Carlsson, B. Å., Svensson, B. M., Michelsen, A., & Melillo, J. M. (2010).
Responses of fungal root colonization, plant cover and leaf nutrients to long-term
exposure to elevated atmospheric CO2 and warming in a subarctic birch forest
understory. Global Change Biology, 16(6), 1820–1829. https://doi.org/10.1111/j.13652486.2009.02079.x
Osterkamp, T. E., & Romanovsky, V. E. (1999). Evidence for warming and thawing of
discontinuous permafrost in Alaska. Permafrost and Periglacial Processes, 10(1), 17–37.
https://doi.org/10.1002/(SICI)1099-1530(199901/03)10:1<17::AID-PPP303>3.0.CO;2-4
Paul, L. R., Chapman, B. K., & Chanway, C. P. (2007). Nitrogen Fixation Associated
with Suillus tomentosus Tuberculate Ectomycorrhizae on Pinus contorta var. latifoliaPaul
et al. — Tuberculate Ectomycorrhizae and Nitrogen FixationPaul et al. — Tuberculate
Ectomycorrhizae and Nitrogen Fixation. Annals of Botany, 99(6), 1101–1109.
https://doi.org/10.1093/aob/mcm061
Paul, Leslie R., Chapman, W. K., & Chanway, C. P. (2012). Diazotrophic bacteria reside
inside Suillus tomentosus / Pinus contorta tuberculate ectomycorrhizae. Botany, 91(1),
48–52. https://doi.org/10.1139/cjb-2012-0191

224
Policelli, N., Bruns, T. D., Vilgalys, R., & Nuñez, M. A. (2019). Suilloid fungi as global
drivers of pine invasions. New Phytologist, 222(2), 714–725.
https://doi.org/10.1111/nph.15660
Read, D. J., Leake, J. R., & Perez-Moreno, J. (2004). Mycorrhizal fungi as drivers of
ecosystem processes in heathland and boreal forest biomes. Canadian Journal of Botany,
82(8), 1243–1263. https://doi.org/10.1139/b04-123
Rúa, M. A., Lamit, L. J., Gehring, C., Antunes, P. M., Hoeksema, J. D., Zabinski, C., …
Woods, M. J. (2018). Accounting for local adaptation in ectomycorrhizas: a call to track
geographical origin of plants, fungi, and soils in experiments. Mycorrhiza, 28(2), 187–
195. https://doi.org/10.1007/s00572-017-0811-y
Sistla, S. A., Moore, J. C., Simpson, R. T., Gough, L., Shaver, G. R., & Schimel, J. P.
(2013). Long-term warming restructures Arctic tundra without changing net soil carbon
storage. Nature, 497(7451), 615–618. https://doi.org/10.1038/nature12129
Stuecker, M. F., Bitz, C. M., Armour, K. C., Proistosescu, C., Kang, S. M., Xie, S.-P., …
Jin, F.-F. (2018). Polar amplification dominated by local forcing and feedbacks. Nature
Climate Change, 8(12), 1076. https://doi.org/10.1038/s41558-018-0339-y
Taylor, D. L., & Bruns, T. D. (1999). Community structure of ectomycorrhizal fungi in a
Pinus muricata forest: minimal overlap between the mature forest and resistant propagule
communities. Molecular Ecology, 8(11), 1837–1850. https://doi.org/10.1046/j.1365294x.1999.00773.x
Tellenbach, C., Grünig, C. R., & Sieber, T. N. (2011). Negative effects on survival and
performance of Norway spruce seedlings colonized by dark septate root endophytes are
primarily isolate-dependent. Environmental Microbiology, 13(9), 2508–2517.
https://doi.org/10.1111/j.1462-2920.2011.02523.x
Treseder, K. K., Mack, M. C., & Cross, A. (2004). Relationships among fires, fungi, and
soil dynamics in alaskan boreal forests. Ecological Applications, 14(6), 1826–1838.
https://doi.org/10.1890/03-5133
Visser, S. (1995). Ectomycorrhizal fungal succession in jack pine stands following
wildfire. New Phytologist, 129(3), 389–389.

